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Preface 


The newly qualified electronic engineer often finds difficulty in apply- 
ing his technical knowledge to practical circuit design. Typical 
stumbling blocks are the choice of suitable operating currents and 
voltages, the fixing of these regardless of temperature variations 
which affect transistor behaviour, and conversion of the results of 
analysis into actual numbers when many of the transistor parameters 
included are not mentioned in the manufacturer’s data sheets. 

The object of this book is to explain circuit design methods which 
enable the engineer to overcome these obstacles and to design prac- 
tical circuits. Part One describes these basic techniques, and emphasis 
is placed on designing circuits to operate correctly in spite of ambient 
temperature variations and spreads in transistor parameters. In the 
author’s opinion it is more important that the engineer should under- 
stand the basic techniques of design than that he should acquire a 
superficial knowledge of a great number of circuits. Consequently 
only a few circuits are dealt with, but these are examined in very great 
detail. When the techniques are understood, the reader should have 
little difficulty in applying them to any circuit provided its mode of 
operation is known. 

Part Two shows how novel designs can be synthesized and put into 
practical form; this section will also interest the experienced designer, 
as it contains several unusual circuits. 

Practical difficulties in design and testing of circuits are examined 
in Part Three, some of the problems discussed rarely being mentioned 
in standard textbooks. 

Approximations used in the text are justified where necessary by 
derivations given in the Appendixes. 

I should like to thank Mr. P. Broderick who helped clarify many 
obscure points; the management of Marconi Instruments Limited 
for permission to publish this work; Mr. P. L. Burton, formerly of 
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English Electric Company, who first taught me the principles of 
circuit design; and finally my wife who undertook the exacting task 
of preparing the typescript. 


March, 1966 T.K.H. 


Preface to the Second Edition 


In this second edition the text has been brought up to date to include 
new device types now on the market. The opportunity has also been 
taken to correct several errors which readers have kindly pointed out 
and additional explanatory matter has been added to the more 
difficult parts of the book. 


February, 1970 T.K.H. 


Part one 


Basic circuits 


1—Semiconductor diode properties 


Like the thermionic diode, the semiconductor diode has a current- 
voltage relationship which changes with the polarity of the applied 
source. 


s FORWARD CONDUCTION 


When the anode is made sufficiently positive with respect to the 
cathode, forward conduction begins, as shown in region (a) of 
Fig, 1.1. The voltage which has to be applied before appreciable for- 
ward current flows depends on the semiconductor. It cannot be given 
an absolute value unless the forward current which is considered 
‘appreciable’ is more closely defined, but this ‘turn-on’ voltage, as it 
is often called, is approximately 0-1 V for germanium and 0-5 V for 
silicon at 25°C. As the temperature varies, this voltage (and, in fact, 
the whole voltage scale of the forward characteristic) changes at the 
rate of —2 to —2-5 mV/degC. 

For higher forward voltages the current increases exponentially 
and is eventually limited only by the capability of the source and the 
bulk-resistance of the diode, although a lower limit must be adhered 
to in practice in order to avoid catastrophic failure due to over- 
heating. 

The forward incremental resistance of the diode is of importance 
in the design of circuits where a diode is subjected to signals of 
varying amplitude. It is defined as the rate of change of voltage with 
respect to current at a specified point on the characteristic. Because 
of the exponential law relating voltage and current, this quantity 
becomes smaller as the current or voltage at which it is specified in- 
creases; in fact, to a close approximation the incremental resistance 
is inversely proportional to the current at the specified operating 
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point. Its actual value depends on the area and construction of the 
diode junction, being low for large junctions. 

To summarize the properties of the forward characteristic, con- 
duction begins at about 0-1 V for germanium and 0-5 V for silicon, 
at 25°C; incremental resistance at any current is inversely propor- 
tional to the current; the forward characteristic variation with 
temperature takes the form of a linear shift of —2 to —2:5 
mV/degC in the forward voltage at any given current (see Fig. 1.1). 
Maximum permissible temperatures of operation are 90-100°C for 
germanium and 125-200°C for silicon, depending on the manu- 
facturer. These are junction temperatures which are the sum of 
ambient temperature and temperature rise caused by the mean power 
dissipated in the junction. 


REVERSE CHARACTERISTIC 


When the anode becomes negative to the cathode, the current which 
flows is only a small proportion of the forward current which would 
flow if the polarity were reversed. This is shown by region (6) in 
Fig. 1.1, and the small current which does flow is called the reverse 
leakage current. This current is hardly dependent on applied voltage 
(until region (c) is reached) but depends greatly on junction tempera- 
ture. Its variation with temperature is an exponential tending to 
infinity and is remembered most easily by the law that it doubles 
every 9 or 10 degC rise. 

The semiconductor material and junction area determine the order 
of leakage. For instance, a germanium diode of small area may have 
a reverse leakage of 2 uA compared with a silicon diode of the same 
area having about 20 nA, both at 25°C. Large-area power diodes 
might have values of 0:5 mA for germanium and 5 pA for silicon. 

Because many circuits involve currents of less than 1 mA, leakage 
currents often cause changes of circuit operation when changes of 
ambient temperature occur. For this reason it is important when 
using diodes to know the maximum possible value of leakage current 
at the maximum expected junction temperature. 

Often the required figures are not available from the manufac- 
turer’s data, since even if a high temperature value is quoted this 
rarely corresponds to the desired maximum temperature of operation. 
Fortunately, by applying the ‘doubling every 9 or 10 degC rise’ 
rule it is simple to transform the data, e.g. a leakage of 100 pA 


SEMICONDUCTOR DIODE PROPERTIES 5 


at 100°C will be 50 pA at 90°C, 25 at 80°C, 12:5 at 70°C, and so on. 

Some manufacturers give only a low temperature figure and 
although it might be thought just as easy to apply the rule to obtain 
values for higher temperatures, this will usually give a highly 
pessimistic figure since, strictly, not all the leakage current is subject 
to the ‘doubling’ law. Leakage caused by surface effects and not by 
semiconductor action remains more or less constant with temperature. 
The error caused by extrapolating the total leakage is usually 
negligible for germanium when using the 25°C value, but is often 
large for silicon. This is particularly true of silicon planar types, 
where semiconductor leakage is very low compared with surface 
effects at 25°C. There is no way of correcting for this, in the absence 
of further information from the manufacturer. The non-varying 
component of leakage values at 100°C or more can generally be 
assumed to be negligible; and, in general, the higher the temperature 
for which the leakage applies, the less will be the error in applying 
the ‘doubling’ law. 


Breakdown, Zener, and Avalanche Phenomena 

When the applied reverse voltage is increased in magnitude, the 
leakage current eventually rises and tends to a very high value 
limited (like the forward current) only by the capability of the source 
and the diode bulk-resistance (see region (c) in Fig. 1.1). 

Depending on the material and construction of the junction, this 
effect may occur at voltages between about 2:5 V and several 
thousand volts. By appropriate doping of the semiconductor the 
voltage at which this current increase takes place can be controlled 
within close limits. Since the critical voltage is found to be constant 
throughout the life of the diode the effect, at first sight a defect of the 
semiconductor diode, has proved to be very useful in practical 
circuits. 

The critical voltage is often referred to as the ‘breakdown voltage’ ; 
in spite of this name the diode is not damaged, provided the product 
of this voltage and the current which is allowed to flow does not 
represent sufficient power to overheat the junction. 


Zener diodes 

Diodes deliberately designed to exhibit this effect at particular 
voltages are called Zener diodes. They are specified in several re- 
spects: the voltage corresponding to a certain current in the region 
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(c) @—Fig. 1.1; the temperature coefficient of this voltage; the slope 
between (c) and (d) expressed as a resistance; and the permissible 
maximum current or power at various temperatures. At present they 
are invariably silicon diodes. 

As will be seen later, the most common uses for the Zener diode 
are in obtaining stable supplies, in coupling between stages where 


Incremental 
resistance 


1002 040608 10 
Forward voltage Ve—> 
(V anode-cathode 
positive) 


Forward current (mA) 
Nn 
o 


—<—— Reverse voltage Vp 


Reverse current (1A) 
Jp 


Fic. 1.1 Diode characteristic. Note differing forward and reverse scales 


d.c. levels differ and in clipping circuits. Since the Zener diode is one 
of the most useful circuit elements, the orders of magnitude of the 
parameters should be remembered by the designer. This is fortunately 
easy, because all Zener diodes of a particular power rating have 
similar characteristics, regardless of the manufacturer. 

The relevant facts are: 


(1) The incremental resistance tends to be less as the nominal 
Zener voltage increases. A 5°6 V unit will have a resistance of about 
50 Q at the optimum operating current; a 3-3 V unit 100 Q and a 
10 V unit 20 Q. Tolerance on this resistance is wide, e.g. +50 per 


t. 
(2) The incremental resistance is a minimum at a particular 
operating current which depends on junction size; for low-power 


SEMICONDUCTOR DIODE PROPERTIES 7 


Zener diodes (300 mW at 25°C) this current usually lies between 5 
and 10 mA and is not critical. 

(3) The temperature coefficient depends on the nominal Zener 
voltage. Below about 5:6 V the coefficient is negative, and above 5-6 
it is positive. At 5-6 V the coefficient is roughly zero. Even if the 
tolerance on nominal Zener voltage is ignored, the critical voltage 
for zero coefficient is not exact, and for a nominal 5-6 V unit the 
usual coefficient is + 0-02 per cent per degree C. A 3-3 V unit is from 
—0-05 to —0-09 per cent per degree C and a 10 V unit is from +0-05 
to +0-09 per cent per degree C. It is worth remembering that 3-3 
and 6:8 V units have an actual voltage change with temperature 
of similar magnitude to that of a transistor or diode junction, 
namely from 2 to 2-5 mV/degC. This is often useful in circuits where 
the coefficients of Zener diodes and transistors can be made to add 
or subtract to give some degree of compensation. 

Most manufacturers will supply specially selected units with a 
coefficient of + 0-002 or even +0-0005 per cent per degree C. There 
are three methods by which selection is done. The simplest is to pick 
‘good’ diodes of nominal voltage 5-6 V from a batch by measuring 
the coefficients at a given current. This is not usually satisfactory for 
ultra-stable circuits, since the coefficient of such a unit invariably 
changes with the actual temperature, e.g. +0-005 per cent at 25°C, 
—0-01 per cent at —10°C, +0-01 per cent at 60°C, and changes in 
operating current alter the temperature for which the coefficient is zero. 
A second method is to carry out the above tests, but at two tempera- 
tures, e.g. 0 and 60°C, then choose units which when put in series yield 
+0-005 per cent per degree C at both temperatures (one may be —0-01 
at 0°C and +0:02 at 60°C, the other +0-01 and —0-025). This is a 
better method butis still not entirely satisfactory, because at other than 
the two selected temperatures the coefficient is uncontrolled (and tends 
to be >0-01 at —20°C) and the series addition naturally results in 
twice the incremental resistance, the nominal voltage being 11-2 V. 
The third method consists in adding normal diodes in series with a 
Zener diode so that the temperature coefficients cancel. Thus a 
6-8 or 8:2 V Zener diode and one or two diodes in series can by care- 
ful selection yield a very small temperature coefficient. This gives 
the best results of the three methods when the units are to maintain 
a low coefficient over a very wide range of temperatures, because the 
coefficients which are being cancelled are more or less constant with 
temperature (only for units near 5-6 V nominal is this not so). 
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Moreover, the incremental resistance is generally no worse than that of 
a single 5-6 V Zener diode. The resulting voltage of such a compound 
unit is in the 8-10 V region. 

A similar idea is to cancel the Zener coefficient against the base- 
emitter coefficient of a transistor. This arrangement is particularly 
useful in stabilized power supplies where the transistor acts as a 
reference amplifier (see Chapter 9). 

‘Reference’ and ‘regulator’ Zener diodes. The low-power Zener 
diode of about 300 mW maximum dissipation at 25°C is often called 
a ‘reference diode’ since one of its main uses is for producing a 
reference voltage in a stabilized supply. Higher-power Zener diodes 
of 1 W, 10 W, and even higher 25°C ratings are often used as simple 
direct regulators, that is the load is connected directly to the Zener 
diode. These high-power units are therefore known as regulator 
(Zener) diodes. Because of their large junction area, values of impe- 
dance are much lower than the typical reference diode values and 
currents are much higher, e.g. a 6-8 V, 10 W unit could be run at 
200 mA giving an impedance of about 5 Q. 


High-frequency Effects 

At high frequencies the junction capacitance of a semiconductor 
diode becomes significant. Its actual value depends on the con- 
struction used, on the area of the device, and also on the applied 
voltage if reverse-biased. Capacitance is always less at high reverse 
voltages and its law of variation is given by C = K/Vz", where n lies 
between 1/2 and 1/3. 

This dependence of C on Vz is useful in enabling resonant circuits 
to be tuned by variation of applied voltage, the diode being used as 
a capacitive tuning element. Since the diode is reverse-biased, little 
current is taken from the voltage source and the arrangement is 
therefore suitable for remote control, there being negligible voltage 
drop even in long leads. 

One snag is that the diode capacitance is lossy at high frequencies, 
so that circuit Q-values are reduced, but much improved results are 
being obtained with diodes specially designed for this application. 


Hole storage 

The phenomenon of hole storage occurs when a diode which has 
been conducting in the forward direction is rapidly reverse-biased. 
Instead of cutting off and passing a normal reverse circuit, a 
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semiconductor diode will remain conducting for a time 7s (just as if 
its connections had been reversed at the same time as the current 
reversal) and then will suddenly cut off. The value of zs depends on 
the type of diode junction and its area (being longer for large-area 
devices), and is proportional to the forward current which had been 
flowing prior to the reversal and inversely proportional to the current 
flowing immediately after reversal. 

Manufacturers’ data gives a value ‘Q’ which means stored charge 
(no connection with circuit quality factor Q) for stated conditions; 
knowing the current Jp flowing after reversal, the time ts before con- 
duction ceases is given simply by ts Jn = Q, provided @Q is the value 
for conditions just before reversal. 


DIODE APPLICATIONS 


Diodes are often divided into the two classes, signal diodes and 
rectifier (or power) diodes. This is an arbitrary division and is based 


+¥, (dc) 
Min 


Fic. 1.2 Simple diode shaping circuit 


1A arg apr alias Cal 
ov 


on the application in which the manufacturer expects a particular 
device to be most useful. A large-area device intended for use as a 
power rectifier will normally be of little use for rectifying signals of 
100 kHz, because its capacitance is likely to be high and its hole 
storage large and unspecified. Naturally, many borderline types 
exist which are useful for relatively low-power rectification and also 
for many audio-signal applications (e.g. Mullard OA202, Texas 
Instruments 1$121 and 18922). 

There are many applications of diodes which will be readily 
invented by the designer as required. For a simple example, suppose 
a triangular voltage waveform has been generated and it is required 
to lessen its rate of rise whenever its voltage exceeds a certain level 
V;. Figure 1.2 shows a simple solution. Vout will follow Vin until its 
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potential reaches V; plus the ‘turn-on’ level for Dy. Above this 
voltage alternation occurs, so that the waveshape given in the diagram 
is obtained. 

This circuit is simple to understand, but note the slight error 
caused by Vp1, the forward drop before significant conduction begins, 
and note also that the reverse leakage current Jp for D; must be such 
that Rife is negligible in comparison with Vin. At high frequencies 
this circuit will exhibit two faults: first, the capacitance of Dy will 
load Re, and, secondly, hole storage will cause the waveform to 
change slope at a higher point when rising than when falling. The 
first effect can be ignored if Cp(Ri + Re) is small compared with 
the triangle period; the second is more complicated as it depends on 
the Q for the diode and on Ri and Re, since these determine the 
conditions prior to D; being reversed. 


+V 


ete 
Viny= 0 or +h 
Ving= 0 or +% 

R Vour= (Yj +¥,) provided 


Vin) AND Ving=+4, 


Fic. 1.3. Logic ‘ann’ gate 


Difficulties will therefore be experienced if high-frequency opera- 
tion is attempted; ‘high-frequency’ is a relative term and implies 
here a cyclic period so small that 7; and CpRez are a significant 
fraction of the period. 

As indicated above. this type of circuit can be invented as required, 
and the same is true of the many diode logic gate circuits, of which 
one example is given in Fig. 1.3. 

This is known as an ‘AND’ gate because if Vin and Ving can each 
have only the values 0 and + Vi, Voue remains at 0 unless both Vina 
AND Ving are at Vj. In this case Vous rises to 


++ Voi if >VWitVo 


VR 
R+R 


This and many similar gates are often used in computer circuits, 
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and their basic operation is obvious. The difficulty in designing this 
kind of circuit is mainly concerned with high-speed operation. 


Rectifier Circuits 

Much more subtle in operation are the rectifier and d.c. restorer 
circuits shown in Figs. 1.4 and 1.5. Although in very common use 
and apparently simple in function, the complete analysis of these 
circuits is difficult. 

In the rectifier circuit (Fig. 1.4) diode Di conducts only when Vin 
is more positive than Voue so that with either pulse or sine-wave input 


Rs Dy 

Wie {'e f 
a Vin fout 
«ce L Il 


Fic. 1.4 Rectifier circuit 


Fic. 1.5 Restorer circuit, d.c. 


waveform conduction occurs as soon as Vin rises towards Vin. Asa 
result, C charges through Rs and D; and may or may not reach 
+ Vin before Vin descends towards zero. As soon as Vin has descended 
below Vout, C discharges through R towards zero until Vin rises 
again. 

When used for power rectification, the object being to obtain d.c. 
from a.c, with the minimum of added ripple, the time constant CR 
is so large compared with the signal period that little discharge takes 
place. If Rs is small, then Vous (d.c.) is approximately equal to the 
Positive input peak voltage for any input waveform; a circuit de- 
signed to operate in this way is known as a peak rectifier. In practice 
the source and diode possess some resistance, so that perfect peak 
rectification is impossible. 
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When R; is so large that CR; > T, and RC is also > T, Vout de- 
pends only on the positive average value of Vin and the circuit is 
then known as an average rectifier. 

As illustrated, Fig. 1.4 is called a half-wave rectifier since Dy 
completely ignores one half-cycle of the input signal; a full-wave 
rectifier uses two diodes so arranged that both half-cycles contribute 
to the d.c. output (Fig. 1.7). This has the advantage that for similar 
ripple performance to the half-wave circuit, C need only be half the 
value because it discharges through R for only half the signal period 
before being recharged. Also, the ripple frequency is twice the input 
frequency, which is advantageous since any additional ripple- 


Yn — 


Veut(large C) , 


WnP 
-— fk 
ka tema of J es 


Fic. 1.6 Waveforms for rectifier circuit (Fig. 1.4) 


removing circuits which may be required become less bulky as the 
ripple frequency increases. Practical snags are that a push-pull input 
is required (achieved by a transformer in Fig. 1.7) and that unequal 
values of Rs1 and Rsg, or unequal input signals e; and ee, cause the 
output contribution from two paths to be different, once more pro- 
ducing a ripple component at the input frequency. 

Another full-wave circuit, the bridge rectifier (Fig. 1.8), uses four 
diodes, but no push-pull input is required. This arrangement 
possesses the advantages of full-wave rectification and avoids the 
problems of unequal input voltages and source resistance except for 
different diode characteristics. It also has a very definite advantage 
when the input has to be coupled through a transformer for reasons 
of isolation or voltage change. This is discussed more fully in 
Appendix 1, but the important result is that for a given Vous and Vin 
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the transformer core can be smaller if a bridge rectifier is used. The 
designer must therefore balance the cost of extra diodes against the 
size and cost of the input transformer before making his decision. 
The above description of the principle of peak and average 
rectification is useful in showing the limit cases where Rs is in one 
case zero and in the other very large. For intermediate values, which 
are inevitable in real designs, a more complete analysis is required. 
The rough consequences of finite R, and R are, first, that Vous could 
never reach Vin, since during D; conduction C could only charge to 
VinR/(R + Rs); and, secondly, that if CRsR/(R + Rs) (i.e. the charge 
time constant) is comparable with the time 7 of D; conduction, C 
will charge even less than the above value. For the pulse input case 


z Rs, Oy 
id R [v= 
"2 Ry, 


Fic. 1.7  Full-wave rectifier circuit 


“ I 
R | Vout 


Fic. 1.8 Bridge rectifier circuit 


7 is known and the analysis turns out to be simple once the procedure 
is known; for sine-wave input 7 is initially unknown, so that the 
calculations are more involved (see Appendix 1). 

The most straightforward method for analysing such circuits is to 
assume the capacitor carries no charge and then apply the input, 
noting instantaneous waveforms throughout the circuit. After many 
cycles an equilibrium state is eventually reached in which the charge 
gained and the charge lost by the capacitor in one cycle are equal. 
Knowing the magnitudes of charge lost and gained, equating the 
two leads to the steady (d.c.) component of voltage or charge which 
is present on the capacitor in this equilibrium state. 
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It is useful before demonstrating this technique to recall a few 
facts about charging capacitors. 


(1) The current required to charge a capacitor at a rate of dV/dt 
V/sec is given by i =CdV/dt, where C is in farads and i is in 
amperes (equally correct and often more useful units are micro- 
farads and microamps). 

(2) From (1) it is clear that to charge a capacitor to any voltage 
in zero time would require infinite current, so that in analysis, if one 
plate of a capacitor is moved instantaneously, its other plate must 
move the same number of volts at the same time. 

(3) From (1) it is also clear that a finite but instantaneous step of 
current into a capacitor causes the voltage to rise from zero at a 
finite rate of i/C V/sec, there being no initial step of voltage. 
The rate of rise continues indefinitely provided the current step 
remains. 

(4) Again from (1), charging a capacitor with a fixed current 
produces a linear rate of rise of voltage, and no other form of charg- 
ing will achieve this (though there are many methods which will 
produce this constant current). 

(5) Regarding a capacitor as a reactance of 1/jwC is correct only 
in linear circuits with pure sine-wave input. Any non-linearity (such 
as a diode) produces non-sinusoidal waves and makes the reactance 
concept invalid, since its value is different at the fundamental and 
harmonic frequencies. 

(6) If a circuit is receiving a constant frequency input and an 
equilibrium state is reached when each cycle of operation produces 
exactly the same waveforms (d.c. and a.c.) as the last, then the 
charge received and the charge lost by any capacitor in the circuit 
during one cycle must be equal. If not, the charge would change 
between successive cycles and waveforms would be different. 


Consider now Fig. 1.4, where D; is assumed to be a perfect diode 
in that its turn-on voltage is zero, its forward resistance is zero, and 
its reverse leakage is zero, Assume also that the time constant CR is 
many times the input period. 

The action of the circuit at the moment Vin is applied depends on 
which part of the Vin waveform is occurring at that instant. For the 
moment let Vin be at zero and be just beginning to rise. 

Since C has zero charge, Vout is initially at 0 and D, is just beginning 
to conduct. As Vin rises, Di conducts and C charges through Rg, 
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following but not equalling Vin. When Vin reaches the end of its 
positive peak, Voue is approaching its maximum possible value of 
VinR/(R + Rs), but may not reach this since Vin now begins to descend. 

As Vin descends, Vout tends to fall, not because of the fall in Vin 
which cannot itself pull Vous downwards (because reverse diode cur- 
rent cannot flow), but because of the discharge path through R. 
Under the assumed conditions where RC is large compared with a 
period of Vin, Vous now falls towards zero at a much slower rate than 
the descent of Vin. 

This continues until Vin again rises to a level equal to Vous, when 
D, conducts and C again charges towards Vin. The voltage waveform 
across C and the current, is, taken from the source are therefore as 
shown in Fig. 1.6. 

Since R discharges C only slightly during one cycle, Voue and iz 
are almost constant. Hence, the current always tending to discharge 
Cis Vous/R and the charge lost by C in one cycle is T(Vous/R). 

The current which recharges C at the positive peak of each cycle 
is is which flows for a time 7. As the diode is assumed perfect (no 
forward drop), is is given by (Vin — Vout)/Rs so that the charge re- 
ceived by C each cycle is (Vin — Vout)z/Rs. In the equilibrium state 
where each cycle is identical with the next, the net charge received 
by C must be zero, so that (Vin — Vous)7/Rs = TVou:/R, i.e. 


Vin 


Vout Le sale Bis SE 
R+(pR 
A simple check on this result is given by making + = 7, which 
represents a steady (d.c.) input of + Vin, resulting in an output of 
R/(R + Rs)Vin. If, on the other hand, + = 0, Vous is zero, since C 
never receives charge. An alternative approach to the calculation is 
to equate the average power supplied by the source with that dissi- 
pated in the resistive elements in the circuit. 
Now, the average power supplied by the source is 


F Pin(Vin — Vous)|Rs 


The average power dissipation in Rg is 


r( Vin — Vout)® 
T 


Rs 
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and that in R is Vous/R. Hence 


Re Vin(Vin ie" Vout) (Vin = Vout)" i Vout 
ig Rs 


x 
T Rs R 


V2, 
TR rae Vout) Vout ad x 


Vin 


Pig eare able ar 
oe RE Rs 
as before. 

The trap to be avoided in this type of calculation is the assumption 
that the average power supplied by the source is the same thing as 
the average power dissipated in the source resistance Rs, and then to 
equate this to the power dissipated in R. This would lead to 


pin — Vout)?/Rs = Voue/R 


which is incorrect. 

In the case where Vin is a sine wave Vin sin wt, the above pro- 
cedures are still correct but the analysis is much more complicated, 
since the time + for which source current flows depends on Vous and 
Vout in turn depends on 7 and Rs; moreover, the input current and 
voltage are not constant throughout the charging time 7. Average 
charge received by C, or, if the alternative approach is used, the 
average power supplied by the source and that absorbed by Rs, must 
be obtained by integration. This is given in Appendix 1, the results 
being interpreted graphically in Fig. 1.9. The graphs enable the out- 
put voltage and the conduction time 7 to be deduced from the values 
of Rs/R, assuming negligible diode incremental resistance or forward 
voltage drop. It will be seen that a particular value of Rs, e.g. R/20 
produces much more loss in Voye than a simple estimate would 
indicate: the drop in Vous from the case where Rs is zero is from Vin 
to about 0-7 Vin, not, as might be anticipated, 0-95 Vin. The reason 
is that the current which flows through R, for a short time each cycle 
is much larger than the load current, since it has to replenish the 
charge on C (lost to the load) in this short time 7. The voltage drop 
in Rg is therefore many times larger than Rs. 

For the same reason the power dissipated in Rs is much higher 
than J;2Rg; its value is calculated in Appendix 1. Failure to appre- 
ciate this can result in unreliable power supplies in which Rs has 
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been inserted to limit f to a safe level, but where the rating for Rs 
has been made much too low, so that this component eventually 
fails. 

To take an example, the rectifier circuit for a radio or television 
receiver is often of this form, where Vin is 240 +/2, Rs = 70 Q and 
R=1 kQ (effective). Here Rs/R = 0-07, giving 7/T = 0-25 and 
Vout|Vin = 0:7, ice. Vout = 240 V (d.c.). The required power rating 
for Rs is not 70 x i2, = 70 x (0-24)2 = 4 W, but must be Prs = 
30-8 W. 


{ J t 0-8 


fe 06 Bw 
04 04 
0-2 02 
0 002 004 006 008 010 0 004 008 O12 016 020 024 028 
Rs /R—> wt— 
(a) (b) 


Fic. 1.9 Vous for sine-wave input in terms of (a) Rs/R and (6) 7/T 


Choice of C 

It has been assumed throughout the above analysis that C is so 
large that Voue has no a.c. component; this can be literally true only 
if Cis infinite. However, the results are correct for practical purposes 
provided C is large enough to produce an alternating component of 
Vout Which is negligible in the particular application. This means 
that the voltage by which C discharges through R in one cycle must 
be a small proportion of Vous. The discharge voltage is obtained from 
i = CdV/dt and is VourT/CR, since, for small discharge, the current 
is constant and equal to Vour/R. Hence, VourT/CR < Vout, giving 
CR > T. The time constant of the load circuit must therefore be 
much greater than one period of the input if output ripple is to be 
small, and the analysis correct. The relationship between ripple and 
time constant is such that a time constant 1 per cent of the period 
produces ripple which is 1 per cent of the d.c. output. 

The capacitor waveform is shown in Fig. 1.10. 


d.c. Restorer 
When the positions of diode and capacitor are interchanged, as 
shown in Fig. 1.5, the circuit operation is basically unchanged, but 
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the output is now the difference between the capacitor voltage (i.e. 
Vout for the rectifier circuit) and Vin. The resulting waveform (Fig. 
1.11) has ideally an alternating component which is identical to Vin 
and a d.c. component of Vin, resulting in the waveform just reaching 


Slopes Vous /CR, if ve Vout 


ov 
Fic. 1.10 Capacitor waveform in rectifier circuit 


zero potential at its positive peaks. These peaks are then said to be 
‘d.c. restored’ to earth. Naturally Di may be inverted and it may be 
returned to any potential, so that either peak may be made to sit at 
any desired steady potential. Any resistance between the potential 
to which D is returned and the signal ‘earth’ must be added to Rs 
when considering circuit performance. 


Fic. 1.11 Waveforms for d.c. restorer (CR > T) 


This circuit can again be analysed by the methods used for 
Fig. 1.4, and circuit performance may in fact be derived directly from 
that analysis. However, the usual requirement for d.c. restoration 
is that it should be as near the equivalent of peak rectification as 
possible, giving the restoration level equal to the diode-return poten- 


Fic. 1.12 Waveforms for d.c. restorer (CR # T) 


tial. It will therefore normally be designed with R; < R, CR > Tand 
Vin > diode forward drop. 

Practical problems are that if C is too small, the ripple waveform 
across C will noticeably affect the waveform Vout, as shown in Fig. 
1.12; on the other hand, if C is very large many cycles of Vin will pass 


SEMICONDUCTOR DIODE PROPERTIES 19 


before restoration level at the output is reached. Rs should be as low 
as possible, but, if very low, peak charging current requirement for 
C will be high and the source may be unable to supply this. As the 
source temporarily fails, the effective value of Rs becomes high and 
the restoration level wrong. 

Finally it should be noted that any configuration equivalent to 
that of Fig. 1.5 produces d.c. restoration whether or not intended by 
the designer. 


Zener Diode Applications 

The Zener diode has the property of sustaining a voltage drop 
which is virtually constant over a wide range of currents applied in 
the direction which corresponds to reverse current in a normal diode. 
Its most obvious use is therefore to produce a stable voltage for 
supplying other circuit elements when the main supply is subject to 
wide variations; these variations may be very slow fluctuations or 
low-frequency or high-frequency ripple, the Zener diode acting as a 
low impedance over a wide band of frequencies. 


Fic. 1.13 Simple Zener diode stabilizer 


The circuit of Fig. 1.13 shows a typical application in which a 
Zener diode is used to obtain a stable voltage source from a power 
supply V1 which is itself subject to large variations. In order to 
illustrate the significance of the various quoted parameters, the 
circuit performance is assessed below assuming that 

(i) Vz = 68V + 10 percent for Jz = 5mA, i.e. (Vz(z = SmA) 
= 68 + 10 per cent). 

(ii) Zener incremental resistance for Jz = 5 mA is 30 Q maximum, 


ie. 
digo }4 
aie: (Iz = 5mA) = 30 2 max. 
(iii) Temperature coefficient of Vz at 5 mA is +0-02 per cent per 
degree C, i.e. 


az 


ar (iz = 5mA) = +0-02 per cent. 
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(iv) Vis 20 + 5V. 
(v) Ri is 2-7 kQ + 5 per cent. 


Since the above values for the Zener diode apply for a nominal 
Zener current of 5 mA, Ri has been given a value which gives 
approximately this Zener current under nominal conditions. Thus 
the nominal output Vz will be 6-8 V. The effect on the output of the 
above specification figures is detailed below under the relevant 
number. 


(i) The manufacturer’s tolerance of +10 per cent at 5 mA gives 
an output variation of +10 per cent, i.e. + 0-68 V. The effect when 
Iz is not 5 mA is dealt with in (ii). 

(ii) The value of Rz of 30 at 5 mA implies that any departure 
of Jz from 5 mA by an amount 8 Jz will produce an output voltage 
change of RzSIz; since Rz is positive, the direction of output 
change is the same as that of 8 Jz. Since the value of 8 Jz depends on 
factors (iv) and (v), and slightly on factor (iii) also, the effect of Rz 
cannot at this stage be calculated. 

(iii) Temperature coefficient produces a direct effect on the output 
of the same proportion, namely +0-02 per cent per degree C, i.e. 
+1-36 mV/degC. 

(iv) Variations in Vi cause changes in Jz; this is the only reason 
why Vz is affected by Vi. Since Vi = 20 V gives Iz » 5mA with Vz = 
68V (it is generally unnecessary to be more precise except in 
highly critical cases), then a change of +5 V in Vin will produce a 
change 8 Jz = +5/Ri = +5/2:-7mA = 41-85 mA. 

This gives a change in Vz of +1-85 x 10-°Rz = +1-85 x 30 mV 
= +555 mV. 

(v) Variation in Ri again changes Jz, and because of Rz this 
changes Vz. A tolerance of +5 per cent changes Jz by 5 per cent 
(since Iz = (Vi — Vz)/Ri), i.e. 8 Iz = +1/4 mA and Vz therefore 
changes +(1/4)30 mV = +7-5 mV. 

Summarizing the above results, the value of Vz is given by 
Vz=68+ 068 + 0055 + 0075 + 00010 


initial Mn Ri temperature 
tolerance changes tolerance cofficient 


where 0 is the number of degrees Centigrade temperature variation. 
There are several points of interest in the above result. 
First, the major item causing output uncertainty is initial tolerance; 
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this, however, does not change with use and is therefore of no 
importance if the only requirement of Vz is stability rather than its 
absolute value, which is often true in practice. When the absolute 
value is important, it is necessary to specify a tighter initial tolerance 
and this is expensive, since it involves selection by the manufacturer 
(it is usually much more expensive for the customer to make the 
selection). 

Secondly, all the causes of change are to a small extent self- 
compensating. For instance, when Vj increases, Jz also increases, 
causing a change of 8 JzRz in Vz. Because Vz has now increased, the 
value of Jz is not so high as was assumed at the high value for Vi. It 
is in fact given by Izy = (Vin — Vz — 8 IzRz)/Ri, where Izy and 
Vin are the high values of Jz and Vi; the calculation used earlier in 
the chapter assumed that Iz# = (Vin — Vz)/Ri. 


Fic. 1.14 Equivalent circuit for simple 
Zener diode stabilizer (Fig. 1.13) 


The result is that the limits given for Vz were slightly pessimistic. 
How slight this effect is can be shown by calculating the case for the 
initial tolerance of Vz, namely +0-68 V. Taking the positive limit, 
Iz is less than the expected value by 0-68/R1, i.e. 0-68/2-7 = 0-25 mA, 
giving a drop in Vz of 30 x 0-25 mV = 7-5 mV from its apparent 
value of 6-8 + 0-68 = 7-48 V. This is completely negligible in this 
and almost every other case. 

Thirdly, it is easy to see that instead of calculating the changes of 
current caused by each effect and then using Rz to put this in terms 
of Vz, the operation can be simplified by regarding the diode as a 
perfect battery in series with Rz (Fig. 1.14). 

The value of the ‘battery’ voltage Vzo is the Zener voltage at a 
given current Jz minus the product of Rz and Jz. In the above example 
Vzo would be (6-8 + 10 per cent) — 5 x 10-8 x 30 = 6:8 + 0-68 
— 0-15 = 6-65 + 0-68 V. If Rz were constant for all Jz this equiva- 
lent circuit would apply for any condition; in fact, Rz is a function 
of Jz and the quoted Rz is true for only a small region; e.g. at 


—- a 
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Iz = 6 mA Rz may be 25 Q. Since any calculations where accuracy 
is important would normally be used only for cases where Jz has small 
variations, this equivalent circuit is a useful design aid. 

Assuming in Fig, 1.14 that circuit values give Jz in the region 
corresponding to the value of Vzo and Rz, the effect of variations is 
readily calculated; in particular, it is clear that any change 8V; in Vi 
will cause an output change of 8Vz = 8ViRz/(Rz + Ri) = 


-3 
8V;(30/2:73)10-8; if 8V, = 5 V, then 8Vz = -* 20% 10" L 


2-73 
0-055 V, as obtained earlier by direct calculation. 

If Rz is truly resistive (rather than reactive), then the above 
calculation applies to variations in V1 at any frequency. Vi can have 
a mean value in our example of +20 V and a ripple content which 
causes V1 to oscillate by +5 V about this value. The output Vz will 
have a steady value of about +6-8 V and its ripple content will be 
only +0-055 V. An actual diode will have parallel capacitance which 
causes this ripple content to be further reduced at frequencies above a 
few hundred kilocycles per second. At very much higher frequencies 
the series inductance of diode internal connections causes output 
ripple in the above circuit to rise again. 

From the equivalent circuit of Fig. 1.14 it is evident that for the 
most constant Vz the value of Ri should be as high as possible and 
that of Rz as low as possible. Changing Ri in our example to, say, 
27 kQ would give no improvement, however, because Jz then falls 
to about 0-5 mA and Rz would be found to rise by a factor of at 
least 10. Performance would therefore be unchanged. 

The only practical improvement is to raise the mean value of Vi 
so that R; may be increased while maintaining the same value of Jz 
and, hence, Rz. The available supply voltage will naturally be limi- 
ted, but the aim should be to use as high a value as possible. The 
use of a ‘constant-current device’, to be dealt with later, is sometimes 
appropriate and involves the use of a transistor (see Chapter 6). 

An additional complication which often affects the calculation is 
the presence of a load current Jz, assumed negligible in the above 
example. If J is large, e.g. 4 mA, the value of Ri must be changed. 
To maintain Jz at 5 mA, Ri must pass 9 mA and will have a value of 
about (20 — 6-8)/9 kQ, namely 1-5 kQ (see Fig. 1.15). 

By causing Ri to be thus reduced, the presence of Jy, clearly re- 
duces the stability of the circuit. Changes in Vi are now reduced by 
a factor of about 1500/30, i.e. 50/1, instead of 2700/30, or 90/1. 
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The effect of load current changes are accounted for by noting that 
the apparent source resistance of the Zener circuit is 30//1500 Q, 
ie. about 30 Q, (It is futile in these calculations to consider small 
effects such as the influence of 1500 2 when placed in parallel with 
30 Q, since the figure of 30 Q given by the manufacturer is merely 
typical and is subject to considerable variation.) Thus a change in 
load current of +10 per cent, or 0-4 mA will produce an output 
change of £(0-4 x 30) mV, ie. #12 mV. 


Y= +20 


R= 15kQ 


V,=68Y 
RMT TKR 


Fic. 1.15 Practical example with load Rz 


The design of the simple stabilizing circuit merely requires care in 
adding all the effects which cause output variation. Improvements 
to the circuit can be made by using two or even more stages in 
cascade, i.e. Vj is itself the Zener voltage of another diode. 


(a) 


Fic. 1.16 (a) Improved stabilizer, (6) equivalent circuit of improved 
stabilizer 


A more subtle improvement is shown in Fig. 1.16 (a), where the 
‘earthy’ side of the load is returned to a potential divider RoR3. The 
idea is that when V; rises, causing the positive output terminal to 
rise, the negative terminal also rises. If both terminals rise the same 
amount, Voue remains constant, giving perfect stabilization against 
changes in V;. This condition is achieved if Rs/Re = Rz/R, as is 
obvious from Fig. 1.16 (6). 


= ee | 
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This arrangement is limited in its use because the output impe~ 
dance (i.e. the source impedance seen by the load) is now Rz//R + 
Rs//Re, assuming Vj itself has zero source impedance. This rise in 
impedance can be a big disadvantage if the load resistance is variable; 
if, on the other hand, this effect is reduced by making Ro//Rs com- 
parable with Rz, the extra load on Vi may be an embarrassment. 

Another point is that the predicted infinite improvement against 
V, changes is not achieved in practice: Re, Rs, R and Rz are not known 
exactly, and if Re or Rs is made adjustable for initial setting up, the 
improvement is still limited because Rz is a function of Zener 
current. 

In conclusion, this idea should be regarded, like many other com- 
pensating systems, as useful in effecting a final improvement to a 
circuit which performs almost to the required specification. It is of 
special value when the load is constant and variations in Vi are less 
than +10 per cent. 


Rs 


v ; aig, Rz 
=V sin wt ‘ 
AS Vjq2¥ sin bes % R, 
Vz0 
(a) (6) 
Fic. 1.17 (a) Zener clipping circuit, (6) equivalent circuit of (a) for Zener 
conduction 


The Zener diode as a clipping element 

In addition to its use as a direct voltage stabilizer the Zener is 
often used in clipping a.c. signals. Figure 1.17 (a) shows a typical 
circuit with the input and output waveforms; Fig. 1.17 (b) shows the 
equivalent circuit when ZD1 conducts in the ‘Zener’ direction. In 
the opposite direction of conduction ZDi naturally behaves like a 
forward-biased silicon diode giving the normal voltage drop of such 
a diode. 

The action of this circuit is obvious and the only design point is 
the choice of Rs, which must be much larger than Rz if a flat-topped 
waveform is required, but not so large that attenuation due to the 
load prevents the level Vz being reached. If the output is intended to 
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be a sharp-edged square wave, then V must be much larger than Vz; 
the actual rate of rise achieved is 


mee; $ (V sin wt) 
at any time when clipping is not taking place. 

Temperature affects the mean level and the peak-to-peak value of 
the output according to the temperature coefficients of Vz and Vr. 
If the positive clipping level is to be constant, then Vz should be a 
low coefficient diode (e.g. 5-6 V); if it is more important that the 
peak-to-peak be constant, then Vz should have a positive coefficient 
of magnitude equivalent to 2-2-5 mV/degC in order to cancel the Vr 
coefficients, e.g. a Zener diode of 8-2 V. In this case the output wave- 
form moves positive by 2-2-5 mV/degC but the amplitude remains 
relatively constant. 


Fic. 1.18 Double Zener clipper 


When the output is to be symmetrically disposed about zero level, 
two Zener diodes can be used ‘back-to-back’ in series—either the 
two anodes or the two cathodes may be joined (see Fig. 1.18). The 
output peak value is now (Vz + Ve), where Vp is the drop of the 
forward-biased diode. Asymmetry is caused mainly by inequality 
between the two values of Vz and to a lesser extent from inequality 
between the two values of Vp. 

Temperature effects are slightly less in this circuit because, if the 
Zener coefficient is chosen as before to represent +2-2-5 mV/degC 
voltage change, each clipping level is stable, and no mean level 
shift occurs, 

It must be emphasized that in either circuit such compensation is 
by no means exact; all that can be said is that an attempt to match 


coefficients helps, since linear quantities are involved. 
c 
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Other uses of the Zener diode 

As will be seen in later chapters, Zener diodes can often replace 
resistors, and sometimes capacitors, as coupling devices. By regard- 
ing the Zener diode as a battery and series resistor, such circuits are 
readily designed by the methods described earlier. 


2—The transistor: d.c. characteristics 


No attempt is made here to describe the physics of transistor opera- 
tion. Instead its characteristics as a circuit element are discussed and 
orders of magnitude of parameters are also given, since these must 
be known in order to understand how the approximations are made 
when deriving usable formulae. 


D.C. OPERATING CONDITIONS 


Figure 2.1 shows both p-n-p and n-p-n transistors, and indicates 
how in some respects the transistor can be represented as two diodes, 


eee aes 


Fic. 2.1. (a) p-n-p transistor, (6) n-p-n transistor 


one representing the emitter—base junction and the other representing 
the collector-base junction. 

Tt must be emphasized that this diode analogy is correct only 
in so far as it describes the behaviour of the two junctions separately, 
but nevertheless the idea is helpful as an aid to visualizing the 
directions of forward currents and voltages, and also leakage 
currents, 


The Emitter Circuit 
From the above representation, and bearing in mind that it is 
correct only for junctions energized separately, it is readily seen that 
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if the base is returned to a more positive potential than the emitter 
on an n-p-n transistor, current will flow and a potential difference 
will appear across the junction as shown in Fig. 2.2, The magnitude 
of the drop, named Ve in Fig. 2.2, clearly depends upon the current 
flowing into the emitter—base diode, i.e. it depends on V and R; the 
drop also depends on the forward characteristic of the emitter—base 
diode. 

If a plot of the forward characteristic were available, it would 
therefore be possible to calculate the current J, and the voltage Voe in 
Fig. 2.2, either by trial and error (until (V — Voe)/R gave a current 
which produced that value of Vye) or more scientifically by drawing 
a load line on the diode characteristic. 

Such a calculation would, however, be subject to considerable error 
because of variations between the actual transistor used and the 


Fic, 2.2 Emitter current flow 


‘typical’ one for which the curve applies, and also because changes 
in temperature produce changes in Vpe at a given current (as for a 
diode, from —2 to —2-5 mV/degC). There is therefore no point in 
going to great trouble to try to establish the exact values of J. and 
Vie. The important thing is to find what values of V and R are re- 
quired to guarantee that J, has the intended value within a certain 
tolerance. 

The practical approach to be adopted in working out the current 
in such examples is as follows. 

The temperature range over which the circuit must operate is 
e.g. 0-50°C. If the transistor is silicon, its Vpe at the current it is 
intended to operate will lie between 0-5 and 0-9 V at room tem- 
perature (25°C), will be larger by another (25 x 2-5) mV ~ 60 mV 
at 0°C, and smaller by (25 x 2-5) mV = 60 mV at 50°C. Therefore, 
the limits of Vye are 0-44 and 0-96 V for a temperature range 
of 0-50°C. It is required that the emitter current be constant to, 
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e.g. + 10 per cent. If the simple arrangement of Fig. 2.1 is to be 
used, V must be at least so large that the two limits of (V — Voe) 
produce less than + 10 per cent change in J;. This choice of V leaves 
no permissible tolerance on R and on FV itself, and since precision 
resistors and stabilized lines are expensive, a practical solution would 
be to make R a +5 per cent type (including temperature effects) and 
make the (V — Vpe) tolerance less than +5 per cent. To achieve this 
V must be at least 10(0-96 — 0-44), i.e. 5-2 V, and it is convenient to use 
here, say, 10 V which is already available. R is now given by the 
nominal voltage across it, ic. 10 —[(0-96 + 0-44)/2] divided by the 
intended value of J, ic. 1 mA, for example. Therefore R is 9-3 kQ, 
or to the nearest standard value 9-1 kQ. 

Note that the only transistor information required for the above 
(other than the desirable operating current, which will be dealt with 
in Chapter 7) is the value of Vie, its change with temperature and 
its variation from one unit to another. The figures used above are 
typical for a silicon transistor, i.e. 0-5-0-9 V at 25°C for any operating 
current which is likely to be reasonable for the device. The corre- 
sponding figures for germanium are 0-15-0-5 V. Temperature drift 
of about —2-5 mV/degC applies to both types. When dealing with 
power transistors carrying more than 1 A it is advisable to check on 
the maximum values given above. 

The emitter circuit of a p-n-p transistor is designed in exactly 
the same manner, the only difference being the polarity; values and 
drifts of V.» remain the same. 

No difficulty need be experienced in remembering the correct 
emitter circuit polarities for the two types, since the arrow on the 
circuit symbol points in the direction of conventional current flow 
(as in the diode symbol) and the external voltage source has to be 
connected so that current will be supplied by this source in the 
direction of the arrow. 

To establish J, within the required tolerance, one therefore needs 
to know that tolerance, the temperature range, and whether the 
transistor is germanium or silicon. Knowing these facts, V is made 
sufficiently large and constant, and R is made sufficiently accurate. 
Apart from the use of temperature-compensating elements to counter- 
act Voe temperature changes (to be dealt with later in this chapter) 
this is all that can be done to be sure of operating at the intended 
value of J, — excepting the use of d.c. negative feedback as described 
on page 45. 


—_— 
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The Collector Circuit 

If a voltage is applied between the collector and base of an n-p-n 
transistor so that the collector is positive, then the collector—base 
diode is reverse-biased. Provided no emitter current is flowing, be- 
cause this would cause the two-diode analogy to fail, then the col- 
lector current will be merely the leakage of the diode (Fig. 2.3). 

This current is known as the collector—base leakage current and is 
designated Ippo. 

As ina normal diode, Jcyo is the sum of two components, one of 
which is invariant with temperature; the other doubles itself every 
9-10°C. The value of applied voltage has little effect on Jyo until the 
‘breakdown’ voltage is reached, when J¢yo rises rapidly. 

Typical values for small silicon types range from about 10 nA 


Jebo 
L) 
br a 


Fic. 2.3 Collector leakage 


at 25°C to 1 pA at 50°C; since I¢po depends directly on junction 
area, power transistors often have values of from 2 or 3 mA (25°C) 
to 20 mA (50°C). 

Germanium values are much higher, e.g. small signal types 2 pA 
(25°C)-100 »A (50°C). Again, power types may be many orders of 
magnitude higher than the above. 

It is evident that Jcvo is subject to much more uncertainty than 
Voe and that although the ratio of maximum to minimum Jc» for 
silicon is similar to that for germanium, the absolute values for 
germanium are much larger. 

Because of the exponential way in which Jcyo varies with tempera- 
ture, it is almost impossible to predict with any confidence what 
value Jcpo will have at, for example, 65°C when its value is known 
only at 20°C. If its value at 20°C were, for instance, 10 pA +10 per 
cent, the 65°C figure assuming a law where J;p9 doubles every 9 or 
10 degC rise, would have a lower limit of 9 x 2, ie. 200% A and 
an upper limit of 11 x 25, ie. 352 pA. 
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This uncertainty in Jcpo leads to many difficulties in circuit design 
and all the designer can do is to assume the worst case, i.e. he must 
know the maximum possible value of Jcyo for the device at the maxi- 
mum temperature at which the transistor will operate. The 25°C figure 
is no guide to the performance at, for example, 50°C, as pointed out 
above. 


Effect of Collector Load 

The addition of a load Rz in series with the collector supply causes 
the applied collector voltage to be reduced by JevoRz, and this voltage 
drop will be present whenever the collector supply is connected, 
adding to any other drop caused by transistor action. 

As mentioned earlier, increasing the collector supply voltage has 
little effect on J¢po until breakdown of the collector—base diode occurs. 
This effect is again analogous to the same action in a normal semi- 
conductor diode, so that if Rz is present and Vj is very large, the 
collector—base voltage rises to the breakdown value BV,» and the 
collector current is given by (Vi — BVevo)/Rx. The collector current 
can be very large compared with normal values of Icyo, but damage 
will not occur provided the power rating of the junction is not ex- 
ceeded, i.e. provided BV cpo(Vi — BVevo)/R < Pomaz. Although this 
mode of operation is not generally useful owing to uncertainty in 
the actual value of BV po (often much higher than the guaranteed 
minimum), such action often occurs transiently under overload con- 
ditions, or immediately after switching power supplies on and off. 
In these cases the power must be calculated and if necessary reduced 
to a safe level: 

Typical breakdown voltages range from 10 to 80 V; less common 
but obtainable are ratings up to 500 V. 


Comparison between Base-emitter and Base—collector Diodes 

Although, as indicated above, the normal mode of operation is to 
forward-bias the emitter diode and reverse-bias the collector diode, 
each can also be used in the opposite connection. 

Usually, but not always, the breakdown voltage of the reversed 
emitter—base diode is less than that of the collector—base diode, 
especially in diffused transistors (often 1 V only), and the reverse 
leakage of this diode before breakdown, which is usually less than 
Tevo, is called Tevo. 

In other respects the two diodes are similar, and indeed the 
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collector and emitter loads can be interchanged and provided the 
changed ratings are not exceeded, no damage will be done. However, 
performance as a transistor will be poor, except for a ‘symmetrical’ 
type, as will be seen from the following section. 


Transistor Action 

If the emitter—base diode is biased forward with a current J, and 
the collector-base diode is simultaneously reverse-biased, the two- 
diode analogy fails because of transistor action. The resulting 
currents are shown in Fig. 2.4, which indicates that the collector 
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Fic. 2.4 Transistor currents 


current has increased from Jeno to (evo + Je), Where « is a transistor 
parameter whose value is close to but less than unity (generally 
within 5 per cent). Most of the emitter current therefore flows out of 
the collector, and since « is found not to vary appreciably with 
collector—base voltage (provided this is at least a few hundred 
millivolts) the total collector current is independent of Vi. 

The addition of Ry into the collector circuit, as in Fig. 2.5, does 
not therefore change the currents, provided that («Je + Icvo)Rz is less 
than Vy by a few hundred millivolts, i.e. provided the collector 
junction is still reverse-biased. 

In designing a practical circuit it will always be necessary to know 
the collector potential and so the designer must be aware of para- 
meter variations which cause drift in this voltage. 

Naturally, variations in « and in J, (discussed earlier) result directly 
in variations in collector current J, and, hence, in Ve». Variations in 
Jovo again directly affect V.». The rate of change of « with temperature 
is ill-defined but usually lies between 0 and +1/25 per cent per 
degree C; its value also varies from one unit to another of the same 
type by a spread of approximately +1 per cent. 
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The variations of « have usually little direct effect on the collector 
circuit in comparison with the effect of Vie (on Je). 

In the practical design previously discussed J, was established to 
within +10 per cent by using V = 10 V, R = 10 kQ, giving J, = 
1 mA. Suppose now that Vi = 10 V and Ry, = 5-6 kQ, and that it is 
required to calculate the value and expected variation in Vey. The 
designer proceeds as follows. 

TI, is known to be nominally 1 mA so that Ve» is 10 V less the drop 
in Rx, which is nominally 5-6 V, giving Vey = 4-4 V. 


y 


(a) fe~Jebo 


Fic. 2.5 Complete bias circuit 


Note the assumptions made that « = 1 and Jeno = 0. The correct 
allowance for these quantities is not made at this stage, since if the 
very simple nominal calculation gave Vey = 0 V, which could easily 
be the case if, e.g. Rr = 10 kQ or Vi = 5-6 V, the circuit would 
clearly not operate and a new value of Ry or Vi would have to be 
allocated. The argument that the correct allowances for « and Jcvo 
might influence the answer and then give a reasonable value for 
Vep is invalid, because if these side-effects give a marked change in 
I,, the design is bad (spurious variable effects should not predomin- 
ate); if the effects have only slight influence, a slight change in Ry or 
Vz would again lead to circuit failure. This example where the failure 
criterion is V~» < 0 is naturally only a particular case; for many 
applications it could be that Vp 2 V* is a failure condition, where 
V* is a voltage limit determined by signal levels or by a following 
circuit. Returning to the design procedure, it has been established 
that nominally Vey = 4-4 V. 

The actual value of Ve» is affected by J., which causes + 10 per cent 
variation in that part of J; which does not include Jepo. This is a change 
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of about 0-1 mA, which produces 0-56 V change across Ry and there- 
fore in Vey. Change in « from 0 to 50°C will be about 2 per cent at 
worst and changes from one transistor to another will be another 
2 per cent. Since the minimum « for any transistor of the type to be 
used is, e.g., 0-95 at 0°C, the maximum could be 0-99, so that a 
nominal 3 per cent must be taken from the assumed value of 1 mA 
and a spread due to « of +2 per cent taken as tolerance. Hence, the 
drop in Rz (assumed 5-6 V) should be 


[5-6 — (3/100)5-6] = 5-43 + 0-56 + (3/100)5-43 = 5-43 + 0-75 V 


giving Vey = 4-57 + 0-75 V. The Jcno contribution is highest at 50°C, 
when Jeo for this transistor is 100 wA, giving an additional drop in 
R,of 5-6mV. The tolerance on V¢» is therefore 4-57 + 0-75-0-0056 V. 

The above calculation is not strictly accurate, since 10 per cent 
change in J, does not represent 0-1 mA change in «J, but more nearly 
0-097 mA. This ‘error’ is deliberately presented to emphasize the 
futility of making exact calculations when the quantities being dealt 
with experience wide variations. 

The above procedure, although apparently tedious, takes little 
time in practice and leads to a better understanding of which are 
the worst contributors in a particular case to variations in J, or Veo. 
It is clear, for example, that the value of J; is uncertain by the pro- 
portion that J¢yo represents in J,, quite apart from any other cause. 
If, therefore, Jcbo,maz. = Je/10, then J; has at least 10 per cent un- 
certainty from Jepo alone, because the J-»o of some transistors of the 
specified type may be almost zero, whereas others will be Jevo,maz- 
Similarly, if the expected Voe variation is equal to V./10, the un- 
certainty in J, is again about 10 per cent from this cause alone. 

These points, if borne in mind at the beginning of a design, will 
enable at least a reasonably good first attempt to be made. Correc- 
tions can then be made after calculating errors. If, instead, equations 
such as 

Veo = Vy - (Ve poi Voe)/Re 7 TcvoRt 
are solved and prove that Ve» is in error, the necessary corrective 
measures are not obvious. 

Using the methods described above, the designer can now cal- 
culate the emitter and collector currents, and collector voltage for 
the circuit of Fig. 2.4. By using the successive approximation method 
presented he can equally well calculate the values of Re and Rr 
necessary for a specified J, and Vz, to be obtained. 
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Effect of Base Circuit Resistance 

The inclusion of a base resistor Rp as shown in Fig. 2.5 can have 
a considerable effect on the values of I;, Jo, and Vey. The circuit 
equations, as shown in Appendix 2, now appear very complicated 
and are of little use in practical design. The reason for all these 
changes in operating conditions is, however, very simple: the base 
is no longer at zero potential, because the difference current between 
I, and Ie, which must flow out of the base, causes a voltage drop in 
Ry. The magnitude of the base current is clearly Jy = (Je — Jc), 
ie. Ig — (ale + Icvo), or (1 — «Je — Ivo, and therefore the base 
voltage differs from zero by Vp = Ro[(1 — «Ze — Icvo]. The compli- 
cation caused by this is evident, because the calculation of J, is 
immediately changed to (Ve — Voe — Vo)/Re, which itself is de- 
pendent on J,. Note that J, can have either polarity and may be zero. 

The way in which the designer minimizes the problems of the 
calculation is very simple. He merely assumes that Vp is so small 
that it may be disregarded, and then, knowing J, from the simply 
calculated J,, chooses Ry so that Vp really is negligible. An objection 
which may be raised here is that perhaps it would be advantageous 
to allow Vy to be large so that large values of Ry could be used (even 
though it puts the designer to more trouble to work out his sums). 
This is rarely valid in serious design, however, because of the nature 
of Jy. Referring to the equation Jy = (1 — «)J¢ — Icno it will be noted 
that the first part of the expression has a factor (1 — «) and that the 
second term is J¢pe. Now, « varies in transistors of any type by a few 
per cent and since « is close to unity, (1 — «) varies widely for these 
changes in «. A typical spread in (1 — «) is 3 or 4 to 1. The Jeno com- 
ponent varies by about 100 to 1 in most transistors, and is often 
comparable in maximum value to the first term (e.g. in germanium 
transistors and in silicon transistors run at low current). It is clear 
therefore that the value of Jp is uncertain by a factor of at least 3 or 4 
to 1 and, hence, so is Vp. If Vp is allowed to have a maximum value 
which is enough to affect J, significantly, the spread in J, and 
therefore in J, and Vey will be very large. Since it is rare that large 
spreads (of more than about 20 per cent) can be tolerated, the whole 
idea of allowing Vp to become significant must be discarded in good 
design practice. 

The procedure then is to ignore Rp initially, calculate Ie, Jc, and 
Ve as if Ry were zero, then assess Jy. If Ro is already fixed (i.e. it is 
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part of a previous drive circuit), J, is now recalculated knowing that 
Vo is not zero but is really ,R». This gives a new value of J,; if this 
is different from the original value by more than the tolerable un- 
certainty, the design is unsatisfactory. If acceptable, the new, slightly 
different, J, is now used to recalculate Jy and Vp. This again affects I. 
but considerably less even than before. V» can yet again be recal- 
culated, but convergence will have been obtained in most circuits by 
this stage. 

If in the above design Rp is not known but is to be specified by the 
designer, a reasonable value of Vp is decided (a certain percentage of 
Ve), Ip is calculated, and Rp chosen to give not more than that value 
of Vp for the highest limit of J). As above, the value of Vp changes J,: 
hence, Jp, Vp, and again J;, but the sequence converges rapidly. 

This iterative process is similar to that used for most practical 
circuit design. Although the description is long the actual process is 
not, and the designer soon becomes aware of which circuit values 
need respecifying and in which direction. 

Taking the values previously used in illustrating the calculation of 
Veo, the permissible value of R» will now be worked out using the 
(arbitrary) condition that the presence of Rp should not cause J, to 
change by more than 5 per cent. 

The first step is to calculate J, approximately (in view of the cor- 
rections which will follow as a result of Rp there is no point in exact 
calculation). This is easily done and yields, as before, J, ~ 1 mA. 
Now, Jy = (1 — «)Je — Jcpo and « was assumed to vary from 0-95 to 
0-99, giving a variation in (1 — «) of 1/20-1/100. The value of Iyo can 
be anywhere in the range 0-1 »A. With nominal J, (1 mA) the 
limits of J, are therefore from (1/20 mA — 0) to (1/100 mA — 
1 pA), i.e. from +50 to 9 uA. The effect of Jno is therefore less 
than that of (1 — «) in this example and leads to a maximum Jp 
of 50 pA. If J, is to be upset by only +5 per cent, then VY) must 
be only 1/20 Ve, i.e. 0-5 V. Therefore Rp should not exceed 0-5/50 
MQ, or 10 kQ. A value of 4-7 kQ is therefore satisfactory. The 
value of J, will now be different and the limits of J, can be used to 
calculate the limits of J. These will clearly be within the 5 per cent 
limits set (from the effects of Rp only), so that the design is successful. 


Incompatible design requirements 
It may occur (and very often does, in the first attempt to meet a 
given specification) that the permissible maximum R» obtained from 
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the indicated design procedure is too small for other circuit require- 
ments. In such a case the designer must resist the temptation to play 
down some of the possible variations which led to the low value of 
Rp. The possible solution may be to change the transistor for a higher 
« type, since the closer « is to unity the smaller is (1 — «), so that 
variations in it produce smaller changes in J. Similarly, a reduction 
in Je, if allowable from output considerations, also reduces Ip. 

Failure of these simple remedies means that too much is being 
asked of one transistor and either the specification must be changed 
or an additional transistor used as described in Chapter 7. 


Temperature Drift 

So many complicated equations are presented for the determina- 
tion of the effects of temperature on operating conditions that the 
student will be pleased to know that the procedure outlined in the 
previous sections already includes all necessary figures. 

The claim that a circuit is stabilized against temperature drift 
merely implies that the designer has been able to produce a circuit 
meeting the required specification while taking into account (as in 
the above examples) the parameter spreads with temperature as well 
as spreads from one unit to another. 

It may be difficult to imagine a circuit capable of operating cor- 
rectly with any transistor of a specified type and yet failing because 
of temperature change. This can, however, come about for the 
following reasons. First, if the operating temperature rises by, for 
example, 40 degC, the value of Jeno is likely to rise by a factor of 16, 
which would usually represent a much greater current change than 
the possible values of Jo for all transistors of that type at normal 
room temperature. Secondly, most transistor parameters, although 
differing widely from one transistor to another of the same type, 
remain stable for any particular transistor at constant temperature. 
For example, a high-« transistor will maintain its high value in- 
definitely ; Vye does not normally change during the life of a transistor; 
Tcpo is not so predictable but generally falls slightly as the transistor 
ages (rising Jcyo with operating time indicates an unreliable transistor 
owing to contamination, often caused by imperfect sealing from the 
atmosphere). This means that if factory pre-adjustment of one of the 
circuit values which determine operating conditions is allowed, 
enabling for example Vp to be set to a particular voltage by selec- 
ion of Re, the circuit will remain stable thereafter provided the 
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temperature conditions are also stable. This procedure is often 
used for ‘entertainment’ circuits, where the use of the smallest 
number of components is more important than great temperature 
stability. 

In most industrial and military designs, however, wide temperature 
variations are encountered and it is rarely practicable to construct a 
constant-temperature enclosure to house the electronic circuits. It 
should nevertheless be borne in mind that small temperature- 
controlled ovens are often used to enclose certain critical compon- 
ents such as quartz crystals, reference Zener diodes, and sometimes 
transistors. 

It has already been established that temperature drift is caused by 
three transistor parameters. The list below explains how each of 
these affects the value of J, and, hence, Veo. 

(a) Vee. For a given value of J, the corresponding value of Vie 
varies with temperature at a rate which usually lies between — 2 
and — 2-5 mV/degC. Note that this is a linear relationship and 
that although the spread quoted is wide, this covers all junction types 
and includes both germanium and silicon transistors. Any one type 
of transistor (i.e. alloy, planar, diffused, etc.) has a much narrower 
variation of the order of + 0-1 mV/degC. The value of J; also affects 
the Voe coefficient to about the same extent over the useful emitter 
current range of the transistor. 

This Voe variation, as has already been shown, has a direct effect 
on the value of J, in Figs. 2.4 and 2.5. The magnitude of the change 
in J, is simply calculated, as has been seen, and its direction is such 
that Ie increases when temperature rises. 

(6) Icvo. Ievo tises with temperature exponentially, doubling itself 
every 9-10 degC rise. Since, strictly, only part of its low-temperature 
value obeys this law (the other part remaining constant), the value 
at high temperature cannot be predicted from a low-temperature 
figure. By assuming that all of thelow-temperature J¢po obeys the law, 
a pessimistic estimate for high temperatures can be made; in practice 
this is not far wrong for germanium but is often greatly pessimistic 
for silicon. It is usually necessary for design therefore to know 
absolute maximum Jeo for the transistor at the maximum junction 
temperature to be used in the circuit (i.e. the maximum ambient 
temperature plus the rise due to dissipation within the transistor). 

Its effect on the circuit has been seen to be twofold. First, Jey. adds 
directly to the collector current. Secondly, the same Jeno is flowing into 


THE TRANSISTOR: D.C, CHARACTERISTICS 39 


the base and therefore causes a base voltage drop of Rolevo in such a 
direction as to increase I as the temperature rises. 

The latter effect usually predominates and its magnitude is 
simple to calculate, since it is equivalent to an increase in Ve of 
Rolevo- 

(c) « As stated previously, the variation in « is approximately 
Oto +1/25 per cent per degree C. Although for a particular transistor 
the law is more or less consistent over a wide temperature range, 
different transistors of one type often have « temperature coefficients 
at the two extreme limits. 

Like Jey, « variation has two effects on operating conditions. The 
first, direct, effect is caused by the relationship J; = «le + Icvo. The 
maximum magnitude of this effect is therefore approximately 
+1/25 per cent change in J; per degree C, generally negligible in 
comparison with other drifts. The second effect is usually much more 
significant and occurs by virtue of the dependence of Jp and, hence, 
V» (when Rp is present) upon (1 — «), which in turn depends critically 
on «. For most transistors the « temperature coefficient can therefore 
more conveniently be described in terms of (1 — «), which normally 
has a maximum temperature coefficient of +2 per cent per degree C. 
The quantity «/(1 — «) is often called 8; and since « is close to 
unity, 1/(1 — «) is approximately 8. 

As in the case of Icpo, the effect of 8 temperature coefficient on the 
operating conditions of the circuit of Fig. 2.5 is simply calculated by 
working out the change in J, and, hence, V, when 8 changes by the 
expected maximum amount. This should be calculated using the 
value of 8 which is the minimum for the transistor type at the 
lowest operating temperature to be considered, and then assuming 
+2 per cent per degree C rise, since lowest initial ® gives the 
worst case. 

Note that, as with Jcpo, ® variations change V» in such a way that Ie 
rises as temperature increases. 


Summary of temperature effects 

Three parameters drift with temperature: Ve, which varies linearly 
at a rate of —2 to —2-5 mV/degC; Jcyo, which doubles some or all 
of its low temperature value for every 9 or 10 degC rise; and «, 
which drifts in such a way as to cause ® to vary 0-2 per cent per 
degree C. 

The main effects on the circuit are caused by the direct influence 
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of Voe on Je and by the changing base current caused by both Jeno 
and «, which cause Vp to differ from its intended value, and thus 
cause J, to change. 

Smaller effects are caused directly by the change in J;, even at 
constant J;, brought about when « and Jcyo vary. 

All these effects cause the collector current to increase as tempera- 
ture rises. 


Design for stability 

As indicated, the procedure described earlier for ensuring that 
circuit conditions are as required includes temperature-stability 
criteria. The changes in procedure for exceptionally wide tempera- 
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Fic. 2.6 Practical example of bias circuit 


ture ranges (such as —55 to +100°C) in some military applications 
are changes in parameter magnitudes only. For Jcvo the 100°C 
T:bo,maz. figure would be used (or more if transistor dissipation raises 
the junction temperature appreciably); for 8 a temperature rise of 
155°C would be used and the worst case obtained by using the 
—55°C minimum f for the transistor; for Voe would be assumed 
a drift of —(2-5 x 155) mV. Otherwise the procedure is unchanged. 


Design example 

As a practical example, the circuit of Fig. 2.6 will be examined 
and its temperature drift from 0 to 50°C predicted, assuming know- 
ledge of the relevant transistor parameters. 

It will be assumed that T, is a small signal (300 mW) silicon tran- 
sistor having a minimum value for 8 of 20. 
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First, low-temperature operating conditions are found by assuming 
Ry» to be zero and Vp, its maximum value, e.g. 0-9 V. 


Then, I. = (20 — 0-9)/4-7 mA 
= 4.06 mA 
since Bmin. = 20 
&min, = 0-95 
and Ie = ale = 0-95 x 4-06 
= 3-86 mA 
Hence, Vep = 15 — 3-86(2-2) 
=65V 


Using the principle of calculating changes from nominal rather 
than recalculating every value for each extreme, the effect of Rp = 
3-9 kQ can now be accounted for. 

Tp is known to be J,/8, ie. 0-2 mA, giving 

V, = —0-2 x 3-86 
= -0-77V 

The value for J, should therefore be 


Ie = (20 — 0-9 — 0-77)/4-7 


= 39 mA 
Te = 0-95 x 3-9 
=3.7mA 
and Vey = 15 — 3-7(2:2) 
= 6:86 V 


Note, then, Jy = J,/@ is still about 0:2 mA, so no further correction 
is required. 

So far, temperature effects have been ignored, and since the 
minimum value of 8 and the maximum value of Ve have been used, 
the above values of J, Jc, and V_ represent the low-temperature limit. 
The changes which occur when the ambient changes by 50 degC are 
as follows. 


(@) Vie. Ve falls by 125 mV. Since V>» is assumed constant (for the 
moment base voltage changes are to be ignored), the change in I, 
must be 125/Re mA, i.e. 125/4-7 pA, or 26-6 uA. This causes a change 
of 0-95 x 26-6 uA in Ie, ic. 25 wA, and, hence, a change in Vep of 
25 x Ri pV = 25 x 2:2 mV, or 55 mV. The direction of the Vie 


change increases J, and J; and therefore reduces Ve. 
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(6) Icbo. In the absence of data a maximum value of 10 pA at 
50°C for almost any small silicon transistor is a slightly pessimistic 
figure and this will be assumed here. 

There are two effects, as described earlier. The first is that J, in- 
creases by 10 uA because I-yo adds directly to the collector current. 
This gives a Vc» change of 10 x 2:2 mV, i.e. 22 mV, and this is again 
a reduction in Ve. 

The second effect is to change Vp by 10 x 3:9 mV, i.e. 39 mV. 
This movement of V» will itself cause J, to change by 39/R. mA, 
ie. 39/4-7 pA, or 8 vA, giving a change in a, of 0-95 x 8, ite. 
7-6 »A. This causes Ve» to change by 7-6 x 2:2 mV, i.e. 17 mV, and 
again Vo» is reduced. 

Hence, the total effect of Jcpo is a Vey reduction of 39 mV. 

(c) 8. The minimum value for 8, namely 20, was used to derive 
the 0°C conditions. Change in 8 totals 2 x 50 = 100 per cent and 
8 therefore changes from 20 at 0°C to 40 at 50°C. 

The direct « change therefore alters J; by 2-5 per cent, giving a 
change of 3-7 x 2-5/100 = 92-5 uA, reducing Vey by 92:5 x 2:2 mV 
= 02 V. 

When £ changes from 20 to 40, J, changes by J; [(1/20) — (1/40)], 
ie. by 0-025 Je, or 3-9 x 0-025 = 97-5 pA, giving a Vp change of 
97:5 x 3-9mV = 380 mV. J, therefore changes by 380/Re = 380/4-7 
= 81 pA, I, by 0-95 x 81 = 77 vA, and Vey by 77 x 2:2 mV = 
0-17 V. 

Hence, the total effect of 8 is a Ve» reduction of 0-2 + 0-17 = 
0-37 V. 

The total drift of V;» from all transistor changes with temperature 
is therefore 0-055 + 0-039 + 0-37 = 0-46 V for silicon. 

This method of calculating drift is not exact, since each parameter 
drift affects the contribution caused by another; for instance, when 
6 changes from 20 to 40 the effect of a change in J, due to Vp change 
is different in the collector circuit, since J, drifts will be multiplied 
by 0-975 instead of 0:95. 

In practice, however, the method is quite satisfactory, because 
these interacting effects are important only when one of them re- 
presents a large percentage change from the nominal state. If this 
proves to be true the design will require modification, and, using this 
method of calculation, it will be immediately obvious which remedy 
to take. 
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Temperature compensation 

In view of the severe effects of drift in transistor circuits, attempts 
are often made to obtain stability by adding another temperature- 
sensitive element in such a way as to oppose drift caused by the 
transistor. 

Since, as described in this chapter, transistor drifts are predictable 
only in their maximum values, it is generally impossible to provide 
an equal and opposite drift unless the compensating device can be 
adjusted at two or more different temperatures until its law is correct. 
This is normally out of the question, representing as it does a pro- 
longed setting-up procedure, but may occasionally be accepted if the 
alternative is a more expensive system (e.g. chopper amplifier, 
Chapter 9). 

The exception is Ve temperature variation which, first, has a 
limited range of values (from —2 to —2:5 mV/degC) and, secondly, 
is linear with regard to temperature. This means that if it can be 
arranged to ‘back off’ Voe changes, and the backing-off device and 
the transistor have the opposite extreme values, then at least the drift 
has been reduced to +0-5 mV/degC. With a little more care, by 
using for the compensating device a similar junction type (¢.g. alloy, 
diffused, planar, etc.) and running the device and transistor at 
similar currents, the spread is greatly reduced and is typically 
+0:1 mV/degC, an improvement of about 10:1 on the uncom- 
pensated transistor. The compensating element may be a diode or, 
for better matching, an extra transistor preferably mounted within 
the same can as the amplifier transistor. 

The actual arrangements for compensation may be the circuit of 
Fig. 2.7, or any configuration in which the added device does not 
seriously affect circuit operation and in which its drift and the tran- 
sistor’s act in opposite directions and with equal significance. 


Other Bias Arrangements 

Although the bias circuit discussed is the most usual arrangement, 
there are a few other possibilities. The emitter may be held at a fixed 
potential (e.g. ‘earth’) and a base current supplied as shown in 
Fig. 2.8. In this circuit the base current is accurately known provided 
Vi > Voe but the resulting collector current depends greatly on Icvo 
and 8 (see Appendix 2, standard bias circuit where Re = 0). The 
practical implication is that in order to be certain that the transistor 
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collector voltage will not reach zero even with a high-$ transistor, 
Rx must be much smaller than the value it would be given in the 
standard bias circuit. The output voltage swing has to be restricted 


Fic. 2.7 Vpe compensation circuit 


to a small fraction of Vi to avoid possible cut-off or saturation, and 
so the circuit is useful only in simple applications where temperature 
drift is unimportant and signal levels are low, e.g. domestic radio 
equipment. 

An even worse version of Fig. 2.8 is obtained by omitting the base 
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Fic. 2.8 Base current bias 


resistor, and capacitor coupling the signal to the base. The defects of 
this method are even greater than those of the last, since the collector 
current is now given by @Jevo (often called Jceo), which is an amplified 
version of the extremely variable Iepo. 

A much better attempt is shown in Fig. 2.9, which uses d.c. nega- 
tive feedback to define the collector voltage. Note that in the intended 
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operating condition T, base will be just positive and, if the base 
current is assumed negligible, then the current in Roi, approximately 
Vn/Rvi, Must equal that in Roe, namely Ve/Ryg. Therefore Vo = 
VnRoo/Roi. This suggests that Ry has no influence on V; and this is 
substantially true provided T; passes current and that J, remains 
< Vn/Ro1. To design this bias circuit, just assume that conditions are 
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as desired and use Ohm’s law to deduce circuit values. For example, 
suppose that Vp = Vy, = 10, that V; is to be approximately +5 V, 
and that T; collector current is to be 3 mA and its at least 30. 

Ti base current is at most 3/30 = 0-1 mA. Let Vn/Ro = 1 mA, 
giving Roa = 10 kQ. Ve= +5, so that 5/Rye = 1 mA, giving 
Roz = 5 kQ. The current in Rz is the sum of 1 mA from Rye and 
3 mA from Tj, so that Rr = (Vp — Ve)/4 = 1:2 kQ. 

These figures are all approximate and no allowance for Jy was 
made in calculating Roe. 

To understand fully the operation of this bias circuit, note the 
effect of variations in Vp, Vn, Rn, Roe, Rx, Voe, B, and eyo. An in- 
crease in Vp increases (Vp — V;)/Rx thus increasing J, and J», but 
until J, becomes significant V, remains constant. An increase in Vn 
increases Vn/Rp1, so that Rye drops more voltage, thus increasing Ve 
in direct proportion to Vn. Decrease in Vp similarly has no effect on 
Ve until (Vp — Ve)/Rx is equal to the current in Rye, implying 
J, = 0. The transistor is now cut off, its base voltage is no longer 
just below zero, and the stabilizing loop fails. Changing Rp: or Roe 
is similar to changing Vn and a proportionate change in V¢ results. 

The temperature variations of Voe, 8, and po are of special interest 
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in that the method for assessing their effect is applicable to all d.c. 
negative feedback systems. 

Vie, which was ignored in the previous calculations, affects the 
conditions by determining the potential at the junction of Rp: and 
Rog and the correct equation for V¢ (still ignoring J») is 

(Vn + Voe)/Ror = (Ve — Voe)/Roz 
When Vo. varies by 5Vp.e, it changes Rp current by 8Ve/Rp1 and so 
changes Ve by (3VoeRv2/Ro1 + 3Voe), ie. SVoe(Roz + Ro1)/Ror. 
Therefore V¢ increases by (Roz + Ro1)/Ro1 x (2 to 2:5) mV/degC. 

Gand Icpo change J; and the resulting change in V¢ is approximately 
38JpRoz. This is a most useful result for the assessment of current 
drifts arising at the feedback input terminal of a negative d.c. loop. 
The argument is very simple: J» will clearly affect the base potential 
but the collector will move much more, so that in calculating voltage 
drops in Roi and Roe the base variation is negligible. Current 
Vn/Roi can then be taken as unchanged and any J; change flows into 
Roe, thus varying the drop in Rpg. Since the base is fixed, the collector 
moves by this amount, and if J) is inwards and then increases by 
3Io, Ve will become more positive by 3/,Roz V. 

Sometimes the circuit of Fig. 2.9 is used with Ry: omitted. Although 
this is advantageous in removing the need for Vp, the current in 
Rog is now Jy, so that V- depends greatly on 8 and J;y0, which in 
Fig. 2.9 could be made only a small fraction of V,/Rp1. Collector 
voltage is therefore badly defined, but not so badly as if Rye were 
returned direct to Vp. 

Finally, it should be pointed out that the commonly used bias cir- 
cuit of Fig. 2.10(a), which requires only a single supply, is basically the 
same as that of Fig. 2.5. This is easily proved by Thévenin’s theorem 
and its equivalent circuit is given in Fig. 2.10(b). For simplicity 
of description, most circuits in Part I use the form of Fig. 2.5. 
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Fic. 2.10 Single supply bias circuit: (a) bias circuit, (6) equivalent circuit 
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SUMMARY 


To summarize, designing a biasing circuit for a single transistor 
consists in ensuring that the operating currents and voltage remain 
within limits set by various external circuit requirements. This is 
achieved by making an initial nominal choice of values and assessing 
by calculation the effect of each varying parameter on the operating 
conditions. In the light of these effects, values are modified until the 
operating conditions are within the required tolerance limits. 

Temperature stabilizing is not a separate problem and the cal- 
culation of ‘stability factor’, although indicating how bad stability 
is, does not point to the particular cause of drift. Instead the recom- 
mended procedure is to include temperature effects when assessing 
the effect of parameter variations. 

Temperature-compensation techniques are of doubtful value 
except to make an already good or marginal design better. Reliance 
on these methods for correction of large drifts is unsound because 
the compensating device and the transistor may not always be at the 
same temperature; even if they are, a small imperfection in matching 
can give large drifts. In particular, J¢». cannot be satisfactorily com- 
pensated for because of its great variability; the same applies to 6, 
but to a very much smaller extent. Vp. can be balanced out provided 
an improvement of no better than 10:1 is anticipated; special pairs 
of transistors (‘dual’ transistors) and housed in one encapsulation 
do, however, give excellent balance of better than 100:1. The 
inherent Vpe and 8 matching which exists between transistors on the 
same chip is exploited by the integrated-circuit designer in circuit 
configurations which would be unsound using discrete devices. 


3—The transistor as a switch 


One of the assumptions made in the last chapter on the biasing of 
a transistor was that the collector-emitter voltage would never be 
allowed to reach zero. This chapter deals with the use of values 
deliberately chosen to make Vee as near zero as possible. 

Figure 3.1 shows a simple circuit which in terms of normal bias 
arrangements is unsatisfactory because the only current directly 
determined by the circuit appears to be J), which must be Vp/Rp pro- 
vided V > Vpe. Hence, J-must be 8 ly = 8 Vp/Rp and Vz = B VpRx/Ro, 


Fic. 3.1 Saturated transistor 


which is greatly dependent upon 8. But suppose that, even with the 
lowest possible value of 8, BRz/Ry > 1; then Vz is apparently >V. 
This is clearly impossible, since the collector voltage would then 
become negative with respect to earth and no negative supply exists 
which could cause this to happen. 

In fact, as Vee approaches zero 8 falls until, with Vee almost zero, 
6 = 0. Since @ is the ratio of a change in J, to the change in J, causing 
it, this implies that further increase of J, has no further effect on J, 
and J, remains equal to Vp/Rz. 

In this condition the transistor is said to be ‘saturated’ or 
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‘bottomed’, and to ensure this state the designer merely makes 
Ip > Ie/Sx, where Bz is the large signal current gain* from 0 to the 
desired J¢. When the same supply rail is used for Ry and Rz, and its 
voltage is much greater than Vo, then for saturation Rp < RrBx. 

A similar situation is shown in Fig. 3.2, where the collector is 
fixed and two supplies are used. To ensure saturation the same cri- 
terion must be obeyed, Jy > Je/Bx or in this case Vp/Ry > Vn/(ReBx). 

In the saturation condition the transistor has some especially 
useful properties. Consider the circuit of Fig. 3.2 to be changed by 
reversing the polarity of + Vn; the circuit is now identical in form to 
Fig. 3.1 except that the emitter and collector are interchanged. It has 
already been pointed out in Chapter 2 that a transistor operates 


Fic. 3.2 Alternative saturation circuit 


“Y, 
quite normally in this condition provided ratings are observed. The 
only significant change is that 8 becomes much lower (e.g. 3 or 5) in 
this direction except for a symmetrical transistor, where 8 is similar 
in both connections. 

Hence, provided that Vp/Ry > Vn/(ReBir), where Bz, is the Bz, in 
reversed connection, the Vee will remain zero in the Fig. 3.2 circuit 
even when — Vnis changed to + Vp. This means that the transistor acts 
as a short-circuit to currents passing through R, in either direction. 

This concept is most important in understanding transistor switch- 
ing circuits (especially d.c. choppers). Although it is possible to 
design the circuit to saturate only with —V» negative (by Vp/R» > 
Vn/ReBt but < Va/(ReBrr)), it is equally possibly to design for 
bidirectional saturation by making Vp/Rp > Vn/(Re®zr)- 


SATURATION POTENTIALS 
The collector-emitter voltage at saturation, known as Veesat,, de- 
pends on several factors: the type of transistor construction, the 


* By is the ratio of collector current to base current at a given Vee and f is the 
ratio of a small change in collector current to the change in base current which 
Causes it, at a specified value of J, and Vee. 
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value of load current J; (=J- or J) and its direction, the base 
current, and, to a slight extent, the junction temperature. 

In general, alloy transistors, germanium and silicon, p-n-p, and 
n-p-n have low values of Veesat. Planar epitaxial transistors have 
values almost as low. Alloy diffused, ‘straight’ planar, and diffused 
types have much higher values. 

The load current naturally influences Veesat., because, when it 
increases beyond @zJy or Bzrls, the transistor begins to leave 
saturation and so Vee rises. If this is offset by arranging an in- 
crease in Jy when Jy, rises, Vee may still rise or alternatively may 
change sign, passing through zero at some value of /z.. This is puzzling 
at first sight but careful examination of Figs. 3.1 and 3.2 reveals 
how this comes about. In Fig. 3.1 it is clear that Vee is positive, i.e. 
collector positive to emitter. An increase in J; accompanied by an 
increase in J) would maintain saturation (assuming 8, constant), but 
I, still has to flow through some bulk semiconductor not under the 
influence of transistor action and the voltage drop of this part of 
Vee must increase. In Fig. 3.2, if the special case is considered where 
I. = 0, Vee will clearly be negative, i.e. emitter positive to collector 
since no supply exists which could cause the open-circuit emitter to 
fall below earth potential. On reconnecting J, the emitter potential 
can be negative or positive depending on Jp and the bulk resistance 
through which J, flows. As J, rises from zero, Vee therefore changes 
sign, becoming positive, and then continues to increase in this 
direction. 

The effect of increasing the base current depends on its initial value. 
If it is assumed to be zero and is increased, Vee will approach zero 
as Ip approaches J;/(8z or Br). As Jp further increases, Vce becomes 
even closer to zero, and then either increases again with the same 
sign as with low J, or passes through zero, changes sign and then 
increases. The reasoning for similar behaviour for changing Jz is 
again applicable: the circuit of Fig. 3.1 always has Vee positive, and 
that of Fig. 3.2 will change sign. 

Temperature rise has two main effects: first, @ increases with the 
same results as a change in Jp, and, secondly, the bulk resistance 
changes, causing a direct change in Veecat,). If the circuit is designed 
to be well in saturation at all temperatures of operation, a 50 degC 
rise typically causes Vee(sat.) to change 100 per cent, which is usually 
tolerable, since the circuit is normally designed to make Vee(sat.) itself 
negligible. 
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Significance of the Above Results 

Where low Vee is of great importance and base current of Jz/®zr 
(and Bz, cannot be assumed > 2) is available, the circuit of Fig. 3.2 
is better than that of Fig. 3.1 whether the emitter load is returned to 
+ or — Vn. 

When, however, a slightly higher figure for Vee can be tolerated, 
Fig. 3.1 requires much less Jp; this is particularly important when J, 
is really large, such that Jz/®xr = 1/2 would represent a large drain 
from the base supply circuit. 

In practice this generally means that Fig. 3.2 is used when J; < 
5 mA and Fig. 3.1 for higher currents: it is fortunate that higher Vee 
can usually be tolerated in high-current circuits. 

When Jz < 100 pA, then, by using Fig. 3.2 and , = 1/4 tol mA, 
Veesat.) is as low as 1 to 4 mV for most alloy transistors, germanium 
or silicon. Planar epitaxial values are about 5-20 mV. In the Fig. 3.1 
circuit under optimum Jy conditions the best result is usually 10- 
20 mV for alloy and 50-100 mV for planar epitaxial. 

At values of Jz above 100 pA Veesat., increases and at 1 mA is 
usually 10 mV, corresponding to the best case above of 1 mV. 

For much higher currents e.g. 10 A Jz with 1 A Jy, Veecsat.) for 
Fig. 3.1 is usually from 0-3 to 1 V for alloy types. The connection of 
Fig. 3.2 is then generally unsatisfactory if Vn is reversed, since 5 A Ip 
may be required. 


CUT-OFF CHARACTERISTICS 


In order to reduce load current to zero in Fig. 3.1, the base-emitter 
junction must be reverse-biased or short-circuited, or at least the 
base must be more negative than the turn-on potential for the 
transistor. In Fig. 3.2 it is insufficient to drop Vp to earth potential— 
it must be more negative than — Vn. The only safe criterion is that fora 
p-n-p transistor the base must be more positive than the emitter and 
collector for turn-off. Similarly, for n-p-n the base must be more 
negative than emitter and collector. 

When ‘cut-off’, currents still flow from the transistor; Icyo flows 
out of the collector and J¢yo out of the emitter. Generally, but not 
necessarily, Jevo is less than Jcpo, but if no Jevo value is quoted by the 
manufacturer, it can only be assumed to be less than or equal to 
Tevo. 

The effect of these currents is shown in Figs. 3.3 and 3.4, which 
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correspond to Figs. 3.1 and 3.2, respectively. In the first case Ico 
flows into Rz, giving a voltage drop J.»oRz across the load. In the 
second, Jey» causes a voltage drop JeyoRx across the load. 
Temperature affects I-50 as described in Chapter 2, and Jeno follows 
the same law, so that any calculation must be made at the highest 
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Fic. 3.3 Cut-off for circuit of Fig. 3.1 
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Fic. 3.4 Cut-off for circuit of Fig. 3.2 


temperature of interest. In the majority of practical applications this 
effect rules out the use of germanium types for low-level circuits 
whenever Ry, exceeds about 1 kQ. 


SWITCHING FROM ‘ON’ TO ‘OFF’ 


When a transistor connected as shown in Fig. 3.1 or Fig. 3.2 is 
alternately in saturation and cut-off, the base conditions have to 
change from a circuit giving a known J; to one giving a known Vp. 
A simple series resistor driven by a voltage source is usually satis- 
factory, but care must be taken that the potential Vi reached on the 
positive swing is much greater in magnitude than Ve so that J, is 
known to be © Vi/Rp (Figs. 3.5, 3.6). 
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A capacitor-coupled drive circuit often causes difficulty and can 
only be used safely under special conditions. The snag is (see Fig. 3.7) 
that on the first positive swing, T; conducts, charging C as shown; on 
the next negative swing T; cuts off leaving C charged. On the second 
positive swing C charges further and still does not discharge on the 
next negative swing. Eventually C becomes charged to (Vi — Voe) 
and Ty base never turns on again; in other words, C and the transistor 


Fic. 3.5 Drive for saturation (circuit of Fig. 3.1) 


waft 


Fic. 3.6 Drive for saturation (circuit of Fig. 3.2) 


have ‘d.c. restored’ the input waveform which appears on the base 
going negative only (see Chapter 1). One solution is to allow C to 
discharge through a resistor connected to a positive potential, while 
T1 is off, so that T will conduct on the next positive swing to re- 
plenish the lost charge (Fig. 3.8). This can be satisfactory if the input 
base waveform is regular in mark space, since J, which flows to re- 
plenish C can then be calculated; on the whole however the situation 
is best avoided. If the earthed emitter circuit is being used, a simpler 
and better remedy exists. A diode between base and emitter enables 
C to discharge and recharge every cycle. This can clearly be done 
only in the earthed emitter circuit, since in the earthed collector 
version V» must fall to at least — Vy. 

Transformer coupling may be used as shown in Fig. 3.9 to avoid 
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the problems of d.c. coupling and d.c. restoration. Some limitations 
are the feasibility of the transformer design in very-low-frequency 


tetoee = 
Tp 
Re 


Fic. 3.7 Unsatisfactory drive 


circuits (high inductance being required) and the loss through the 
transformer of the zero-frequency component of the drive waveform. 
The latter consideration can rule out the use of this method in cir- 


Fic. 3.8 Improved version of Fig. 3.7 


cuits where it is intended to turn the transistor ‘on’ for the greater 
part of the cycle: the base waveform after passing through the trans- 
former sits at such a level that the positive and negative voltage-time 
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Fic. 3.9 Transformer-coupled drive 


areas are equal, resulting in only low base current in the ‘on’ condi- 
tion. As will be seen, the main use for transformer coupling is in 
‘floating’ chopper circuits. 
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Transient Effects 

When a transistor is saturated and its base-emitter voltage is then 
reversed, there is a time delay before the current decreases to leakage 
level. This is quite distinct from the time taken for the collector— 
emitter voltage to reach its ultimate ‘off’ condition, which is deter- 
mined by the stray capacitance and the value of the load. 

The effect is similar to the turn-off characteristic of a single junc- 
tion (see Chapter 1), and again the delay time is proportional to the 
degree of saturation before turn-off and inversely proportional to 
the current which flows ‘backwards’ in the base circuit when turn-off 
is initiated. The degree of saturation refers not only to the emitter- 
collector current flowing when saturated but also to how much base 
current is used which is in excess of the minimum to achieve satura- 
tion. The reverse base current which flows when cutting off is 
calculated by assuming that initially the base potential remains 
unchanged when bias is reversed. Knowing this base potential and the 
source e.m.f. and resistance, the reverse current is easy to calculate. 

As in the case of diodes, Q figures of stored charge in the base 
circuit are often quoted for transistors and have the same meaning 
(see Chapter 1). Some manufacturers quote instead delay or hole- 
storage times under specified conditions. Knowing that these times 
increase in proportion to ‘on’ base current and decrease in propor- 
tion to ‘off’ base current, the designer can readily convert the 
information to suit his circuit conditions. 

Transistor inter-electrode capacitances also affect switching 
performance, and because of these and the other effects just described, 
transistors with f, of 1 MHz are useful as heavily saturating switches 
only up to a repetition rate of a few kilohertz. 


TRANSISTOR POWER SWITCH 


Transistors are used in the saturated switching mode at least as 
much as in any other connection. The most obvious use is the replace- 
ment of a mechanical switch or relay where moving parts have dis- 
advantages. Where there is a fire hazard, where the equipment must 
operate under severe vibration, where a circuit must be switched by 
remote control, where high operating speed is required, the transistor 
can out-perform all but the most expensive mechanical arrange- 
ments. 


The simplest application is perhaps the direct use of the circuit of 
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Fig. 3.1 where Ry is a load to be connected or disconnected from 
voltage V, Ti taking the place of a relay. A relay has the advantage 
of alternately giving a good short- and a good open-circuit compared 
with a series Veersat,) and a leakage Ico, but has shorter life owing to 
contact wear and cannot generally be operated so fast. 

Design is straightforward. Find the load current (V/Rr) and select 
a suitable transistor type (i.e. alloy or planar epitaxial, germanium 
or silicon, p-n-p or n-p-n, according to price, tolerable ‘off’ leakage, 
and supply polarity) having useful large-signal current gain Bz at 
I, = V/Rx. Supply Ip > V/®xRx to turn on, allowing an extra factor 
of 2 if convenient; ensure Vpe at least reaches zero (preferably 
reverses) to turn off. 


, hay pena jostih 1 102 
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Fic. 3.10 Power switch 


For example, one terminal of a 30 Q load is permanently connected 
to —30 V d.c.; the other terminal is to be connected to and dis- 
connected from zero potential by changing the voltage at the remote 
end of a twin cable attached to the switch. The current along the 
cable must not exceed 100 mA and its total resistance is 20 Q. 

This requires the circuit arrangement of Fig. 3.10, which is similar 
to 3.1 except that R» is returned to a separate supply. 

The transistor can be a p-n-p alloy type rated at least 1 A and 
30 V, and this itself almost dictates the use of germanium, since 
silicon p-n-p types of this rating are very expensive. Fortunately, 
no leakage limit is quoted in the circuit specification. A suitable type 
is the NKT403, which has a guaranteed 8 of at least 30 at 1 A, so that 
for the saturated condition J, must exceed 1/30 A and could nomi- 
nally be 1/15 A, i.e. 66 mA. The use of such a generous extra Jp 
saves the designer the tedious task of adding tolerances, because so 
long as V; which supplies Jp is > Voe, saturation is certain even with 
wide component variations. 

Now, Voe at saturation is quoted as 0-75 V, so a supply of 7:5 V is 
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adequate for the base circuit. (Almost as good would be —5 V, and 
even better, — 10 V.) Base current is therefore (7-5 — 0-75)/(R» + 20) 
and this must equal approximately 66 mA. Therefore 


6750 
Ro = a — 20% 822 
Connection of the 7:5 V supply in the direction shown in Fig. 3.10 
therefore connects the load if Ry < 82 Q. Because Veesat,, = 0°75 
at 1 A, the load actually receives 29:25 V. 

If the remote 7:5 V supply is reversed, then the transistor cuts off. 
To check this, first assume it to be true, then confirm that Vp is 
positive when leakage is taken into account. The base current is 
(Ievo + Ievo) and this causes the base to fall relative to emitter by 
(Ry + 20) (Zcvo + Ievo), 80 that the actual base potential V, will be 
7-5 — (Ro + 20)(Icvo + Iedo). It must be confirmed that, at the maxi- 
mum operating temperature, this is still positive or zero. At 80°C, 
for example, Zcpocmaz.) = 10 mA, Tevoymaz.) = 10 mA, giving Vp = 7°5 
— 102(20) x 10-® = +5-5 V, which is satisfactory. Note, however, 
that if in the cut-off direction the 7-5 V supply were reduced to +2 V, 
then with ‘bad’ transistors at 80°C the circuit would only just turn 
off the load current. 

Transistor power in the ‘off’ state is (Vn — IcvoRx)Icvo © 300 mW 
at 80°C and in the ‘on’ state is Iz Veecat.) + InVoe, i.e. 0-75(66 + 1000) 
= 800 mW. Mean power depends on mark/space, but if the ‘on’ 
state lasts for more than a few milliseconds the transistor rating 
would be taken as 800 mW. 

It is important to remember that, although these static transistor 
dissipation levels are low compared with the load power of 30 W, a 
slow transition between the two states can cause high transistor 
dissipation. Clearly the worst case is when about 15 V appear across 
the load, giving a current of 0-5 A, and a transistor dissipation of 
7-5 W—as in the load. Care must therefore be taken either that the 
transition is over in one or two milliseconds or that a heat sink is 
used to enable 7:5 W to be dissipated. It is not sufficient that the 
transition is short compared with the on and off times: it must be 
short compared with the transistor thermal time constant. 


STANDARD CIRCUITS USING TRANSISTOR SATURATION 


Following the above principles of transistor switching, the design 


of several standard switching circuits becomes easy, provided the 
E 
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function of the circuit is clearly understood. As in the case of most 
switching circuits, the waveforms must be assessed by using the 
capacitor charging laws set out in Chapter 1. It is then possible to 
calculate values to ensure correct operation. 

In the following examples p-n-p versions of the standard circuits 
have been used for illustration; n—p-n devices are also suitable and 
it is useful for the reader to become familiar with both forms of all 
the circuits he may encounter. 


Free-running Multivibrator 

The standard multivibrator of Fig. 3.11 is intended to operate 
with T; and Tz alternately cut-off or saturated. Assume then that T; 
is saturated, so that Ve1 is zero; if Tz is to be cut-off, Tz base must be 
positive and Tz collector at, or approaching, — Vs. 

The action from now on is that R4 causes Tz base to approach 
— Vz ata rate determined by C2R4. When it reaches — Vive, T2 begins 
to conduct and will eventually saturate provided R4 < B2R3. As T2 


-40 
Fic. 3.11 Free-running multivibrator 


saturates, V-g rises from —V; to earth and therefore causes Vp1 to 
rise an equal amount, that is by Vs, cutting off Ti. This state re- 
mains as R; pulls T; base towards —V; at a rate determined by 
RiC;. In the meantime T; collector falls to — V; at a rate given by 
C2Re. As Voi reaches — V.»1, Ti begins to conduct and soon satur- 
ates, provided Ri < (1 Ro. 

The whole action is then repeated, giving the waveforms shown in 
Fig. 3.12. The time taken for T; base to reach — Vp when starting 
at (— Ven + Vs) above earth, and aiming at — V; with a time con- 
stant CiRi, is given by 
2Vs — Veo 

Vs — Venn 
This approximates to t, = CiRilog2 provided Vs > Ven. This 
period is the time for which T; is cut off and Tz is saturated; 


th = CiR ilog 
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the other ‘half’-cycle has a period of te = C2Relog2 provided 
Vs > Veve- 

Note that for correct action Ri < @1Ri and Rq < G2Rs, which is 
the normal static condition for saturation; as suggested previously, 
a further factor of 2 avoids all tolerance problems (Ri < (1R:2/2, 
R4 < B2Rs/2). Note also the need for Vs > Ven and Vs > Veo; 
although the circuit would operate, the timing would depend on 
Veo ana 2 if this condition were not obeyed. 

The above equations enable simple design to be carried out. If 
external loads are negligible and if the circuit values are symmetrical 
(Ri = Ra, Re = Rs, Ci = Co), all will be well. There are one or two 
tricky points which can arise when these conditions do not apply. 


External load 

If a load Ry, is added from T; collector to earth, it is clear that 
when T; cuts off it falls only by a fraction of Vs given by VsRz/ 
(Ro + Rr). When T; turns on again its change of collector voltage is 
V;Rr/(Re + Rx), and this is also the positive swing on Tz base. The 
timing equation is now 

Re + 2Ri 
t= CoRa log Rs Rr 
and so depends on the value of Rx. 

If, on the other hand, Rz appears directly in parallel with Re then 
either T; no longer bottoms, giving either no oscillation or a fre- 
quency and amplitude which depend critically on (1, or T: still 
bottoms, giving unchanged timing and amplitude. 

Where possible, any external load should therefore be connected 
in parallel with Re or Rg (not to ‘earth’) and Ri or Ry should be 
designed to maintain saturation with the additional collector cur- 
rent. If this cannot be done and the load must go to earth, an 
emitter-follower may be placed between the collector and the load 
(see Chapter 4) so that the influence of the load current is reduced by 
the 8 of the transistor. 


Asymmetry 

To appreciate the difficulties of asymmetrical operation, it is 
necessary to examine the collector waveforms more closely. In 
Fig. 3.12 it can be seen that when T; cuts off, T; collector falls with 
a time constant ReCe (since the right-hand side of Ce is fixed at just 
below earth by Tz base), reaching its ultimate level of — Vs after a 
time of about 4ReC2 (withina few per cent). In the normal description 
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of its action it is assumed that this state has been reached before T: 
turns on again. 

Suppose that Cj is only 1/100th of Cz and that Ri = Ra, Re = Rs; 
then a ratio of 100: 1 would be expected in the on and off times of Ti. 
With the ratio given T; would be cut off for a time of about 
C1Ri log 2 and T; collector would be falling during this interval, 
reaching — V; in a time 4C2R2. Now, Cz = 100C; and Ri © BR2/2, 
e.g. 15Re. This gives a cut-off time of 0*7 Ci Ri and a collector time 
of 27 CR: to reach — Vs. 

It is clear that T; collector does not have time to fall far before T: 
turns on and T; collector rises to earth again. This means that Tz 


Tp coll. La i 


Fic. 3.12 Waveforms for free-running multivibrator (Fig. 3.11) 


base rises only slightly and soon recharges, so that the ‘T2-off’ 
interval is much shorter than anticipated. 

The circuit therefore has a limit to the mark/space ratio which 
may be obtained by increasing C2/Ci, given roughly by 0:7 C,Ri = 
4 CoRe = 8 C2Ri/8, i.e. Co/C, = B/11-5. This may be exceeded by a 
factor of about 2 before serious drop of output from T, accom- 
panied by inaccurate timing occurs, corresponding to a practical 
limit of 10:1 if 8 50. 

Another method to change mark/space is to vary Ri and Re in the 
same proportions while leaving C, equal to C2. This avoids the above 
situation, since the fall time of T; collector is reduced in the same 
proportion as the cut-off time for T;. Another difficulty now appears, 
however, because when Tz saturates, its load R3 has Rj in parallel 
and it is Tz collector which supplies the current Vs/Ri which raises 
T; base to + Vs, (This is naturally true also when the circuit is sym- 
metrical, but then R; is (8/2)Rs and may be ignored.) The conse- 
quence of this may be seen by assuming Ri ~ Rs in an attempt to 
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obtain a mark/space of {/2 to 1. Because the collector load of Ts is 
halved at initial saturation, R4 must be half its normal value, i.e. 
Rs/4. This halves the cut-off period for Tz and the resulting mark/ 
space is B to 4, not 8 to 2. 

The best method for high mark/space ratio is therefore to use acom- 
bination of these two methods, making C2/C; ~ B/11-5, R4/Ri ~ 4/1, 
Rs/Re © 4/1 giving a mark/space of about 20:1 if 8 = 50. 


Temperature effects 

Since the timing equation used earlier involves Ve», change of 
temperature clearly affects the timing unless Vs > Vip. 

Other effects not mentioned in the equation are Veesat,) and leakage 
current, The former is always negligible if the precautions for good 
bottoming dealt with earlier in this chapter are taken. Jcyo is a more 
serious problem, since when Ty is cut off and T; base is falling as C 
charges, (Jcvo + Jevo) adds to the charging current of Ri. Cut-off time 
is reduced, the law being complicated since (Zeno + Ievo) charges Ci 
linearly and Ry charges C; exponentially. 

For correct design the current in Rj at the end of the cut-off period 
of T; (namely V;/Rx) must therefore be much larger than (evo + Jevo) 
at the maximum operating temperature. 

A secondary effect of I¢vo is that Ti collector swings from Vevorsat.) to 
(—Ve + IevoR2), not to — Vs, as assumed. This again affects timing 
and also reduces the output swing so that a second condition is that 
TcvoRe < Vs. Since Ri © BRo/2 it is sufficient to satisfy the previous 
condition, which is 8/2 times more stringent. 

Temperature effects therefore dictate Vs/R: and Vs/R4 > 
(evo + Tevo)max. 


Voltage ratings for Ti and Tz 

From the circuit action it is evident that at saturation, dissipation 
in Ti,2 will be (Veersat.) x Vs/Ro,3 + Veo x Vs/Ri,4)s which will 
usually be negligible. 

The base waveform goes positive by Vs, so that Ve» reverse must 
be rated at Vs. Voe rating is also Vs, and the dissipation at cut off is 
Tevo(Vs — IcvoR2), Which is very small. 

The above shows how thorough knowledge of the operation of 
the transistor as a switch enables the standard multivibrator to be de- 
signed and the effects of parameter variation easily predicted. Such 
circuits can be designed to operate correctly with almost any tran- 
sistor so long as the minimum and the voltage ratings are known. 
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For example, a standard multivibrator is to drive a load of 1 kQ, 
connected between Tz collector and a 10 V negative supply. The 
frequency is 1 kHz and the mark/space is 1:1. 

The simplest approach is to make Re = Rg = 1 kQ, where Rg is 
the load. Select a transistor type in common use and find its minimum 
6 at 10 mA, e.g. 20. Then, Ri = Ry = 20 kO/2 = 10 kQ. Now, 
each half-period is given by t) = tg = 0:7 CiRi = 0-7 CoR,g and 
this is to be 0-5 msec, giving C) = C2 = 0:07 pF. 

Charging current near the end of a half-cycle is Vs/Ri = 1 mA, 
so at the maximum temperature (Jcoo + Jevo) must be less than N/100 
mA, where N is the maximum percentage error which can be toler- 
ated from this cause. For some applications (e.g. 1 per cent drift at a 
temperature of 60°C) this will dictate the use of silicon transistors; 
this must be rated at 10 V reverse Ve», which is met only by alloy types. 

Timing errors are naturally caused by resistor tolerances, only Ri 
and Ry being significant. Changes in the —10 V line would have no 
effect whatever on timing if Ve» were negligible, but would cause a 
proportionate increase in collector swing. 


Use of Planar Transistors 

One of the most frequently made design errors in this circuit is 
failure to observe the reverse Ve» rating. The result may be the cata- 
strophic failure of both transistors if the coupling capacitors are 
large enough to store sufficient energy for transistor destruction. 
Values in excess of 1 uF are almost certain to achieve this. When this 
occurs the reason is soon appreciated and a more careful design is 
then calculated. 

Much less obvious is the case where, although base-emitter break- 
down occurs, it is non-destructive. The effect is that the capacitors 
discharge rapidly on reaching the reverse breakdown voltage and 
then discharge from that point in a normal manner. A superficial 
examination of circuit waveforms does not show up the peculiar 
mode of operation, but the timing cycle is seen to be shorter than 
predicted. This is naturally due to the smaller voltage through which 
the capacitor has to recharge (with a 10 V supply and 5 V break- 
down, for example, the multivibrator period is halved). 

The inexperienced designer assumes that the short timing is merely 
the result of yet another miscalculation of the type he keeps making 
and changes the capacitor in the prototype until the correct timing is 
obtained. Apart from being bad practice this adjustment to the cal- 
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culated value can still give erratic timing due to variations in reverse 
breakdown voltage; moreover the transistors may fail after a few 
hours of operation even if the capacitors do not carry sufficient 
charge to give instant destruction. 

Several remedies are possible and are discussed at length in the 
companion volume, Circuit Consultant’s Casebook (Business Books, 
1970). Where the accuracy of output swing is unimportant a simple 
cure is to insert diodes in each emitter lead; another is, of course, to 
use a safe supply voltage. 


One-shot Multivibrator 

This is one of the most useful circuits ever devised and seems to 
find application in every pulse system. It is also known as a ‘flip- 
flop’ (though many use this term to describe the ‘bistable’ or ‘two- 
state’ device), as a ‘monostable multivibrator’ and as a ‘delay 
multivibrator’. 

The circuit is basically a standard multivibrator in which one 
coupling is direct; it can take two forms, according to whether this 
coupling is by common emitter connection or from collector to base. 
Since the main intention of these examples is to familiarize the student 
with designing saturating circuits, the second form will be considered 
(Fig. 3.13). 


Circuit function 

In Fig. 3.13 the values are designed so that in the quiescent condi- 
tion Tz is saturated and, by virtue of the coupling to T; base, T; is 
cut off, 

When an input pulse is applied which is sufficient to turn T, on, 
the resulting rise in potential of T; collector is coupled to Tz base, 
taking it to +Vn, and Ts cuts off. Re is now connected by Ry to the 
negative line and the values of these resistors are designed to be low 
enough to cause T, to saturate. 

The input pulse can now disappear and T; will remain in satura- 
tion until Tz conducts again, which occurs when C has recharged 
through Rs to —Vese (a similar action to the free-running multi- 
vibrator). When this takes place, Tz finally saturates, causing T; to 
turn off. After a further time of about 4CRs, T; collector reaches 
— Vn and the original quiescent conditions are regained. 

The collector waveform of Tz is a negative pulse (see Fig. 3.14) of 
width determined by Vn, C, Rs and Vep2, and amplitude determined 
by Vp, Vn, Ri, Re, and Ra. Neither of these depends on the magnitude 
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or width of the input trigger pulse unless this is either so short that 
Ti has no time to saturate through Ra, or so long that it continues 
to hold T; on after C has recharged. The minimum input signal to 


Fic. 3.13 One-shot multivibrator 


trigger is simply that which can drag T base negative in spite of 
Ri, Re, and Vp. 


Uses of the one-shot circuit 
The collector waveform of Tz has the property that its rising edge 
as the circuit reverts to its quiescent state occurs a certain time later 
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Fic. 3.14 Waveforms for one-shot multivibrator (Fig. 3.13) 


than the input trigger negative-going edge. This time depends on 
circuit values, so that a variable delay unit can easily be made. 

If the input consists of a series of pulses with minimum interval 
greater than the time for C to recharge, then the output consists of a 
set of pulses of uniform width and height. The average value of these 
pulses obtained by a smoothing circuit is directly proportional to the 
mean input frequency. The one-shot circuit is therefore an alter- 
native to the diode or transistor pump used as a frequency dis- 
criminator. 
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When a pulse signal is intended to indicate its moment of arrival 
by operating a gate which requires an input of longer duration than 
the signal itself, the signal can usually be made to trigger a one-shot 
and the output can then operate the gate. The one-shot is then acting 
as a pulse-stretching circuit. 


Design 

The two basic design requirements are that in the quiescent state 
Tz is saturated and T; cut off, and in the triggered condition T; is 
saturated by the current in Rg and Ry even if the input has been 
removed. 

For reasons which will be dealt with later, it is usually convenient 
to run both transistors at similar values of current when saturated 
(to within a factor of 2). The minimum current is dictated by the 
useful 8 of the transistors and the demand of any external collector 
load, The maximum current depends on transistor and supply power 
ratings and the power available for triggering. 

Rs and Rq are now decided and Rs is given by 8 R4/2 to ensure 
saturation of Tz. The value of Ri is now determined by the Jno of Ti 
and the Veesat,) of T2, which both try to turn on T) in the quiescent 
state; provided Vp > 2 V (i.e. > Veeasat.y), then Ri current will simply 
be > Jopo1, ¢.g. 0:5 mA for germanium or 50 »A for silicon at 50°C. 

The triggered condition may now be examined, the required 
condition being that the current in (Re + R4) with Tz cut off must 
saturate T,. If Ri were not present then (Re + Ra) would be 
< ® Rs/2 by the usual criterion for good bottoming; because of Ri 
this must be modified to pass an extra 50 wA (or whatever the 
current in Rj is). 

There remains the choice of C, which obeys the same charging 
laws as in the previous free-running multivibrator, giving an over- 
and-back time 7 of 0:7 CRs. 

As an example assume that Rg is to be the load and is 2-2 kQ, 
supply lines are +5 and —10 V, and silicon transistors having 
Bimin, of 25 at 5 mA are to be used. The over-and-back time r is to 
be 1 msec, 


Then, Rs < B Ra/2 < 27-5 kQ, e.g. 22 kQ 
Ri < (V¥p/50) MQ, e.g. 82 kQ 
Rg = Ry = 22k 
The current in Ty when saturated is 10/22 ~ 4-5 mA, so that 
the base current for bottoming should be > (2/8)4:5 = 0:36 mA. 
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(Re + Ra) must therefore supply 0°36 mA + Vp/Ri, i.e. 0-36 + 
(5/82) = 0-42 mA, giving Re + Ra < 10/0-42 < 24 kQ, or Re = 
18 kQ. 

C is now given by 7 = 0-7 CRs and for a time of 1 msec this gives 


10-8 


C= o7x27x 103 


= 0:065 pF 
Causes of timing error, transistor voltage ratings, temperature drift 
In general, Tz behaves in the same way as in the free-running 
multivibrator. Timing errors are caused as before by its Vey variation 
and by its (Jcvo + Jeno) which adds to the charging current of C, It 
must be rated as before since the base is driven to + Vn. 
T; has less influence on timing; its Ve» reverse rating depends only 
on Vy, Ri, and Re, and is usually less than 5 V. 


Output levels 

Output may be taken from T; or Tz collector, On T; collector the 
falling edge as the circuit reverts to its original state is slow, the fall 
time being about 4R3C, which is about half the value of 7. It is 
therefore impossible to obtain from this waveform a precise pulse 
corresponding to the beginning of the slow fall, unless a very 
accurate voltage-sensitive trigger circuit is added. 

The output from Tz has well-defined edges but the output falls 
only to 

Re 
Ne Ro + Ra 

not to — Vy. The rate of the final rise is proportional to the rate at 
which CRs is falling as it begins to turn Tz on. This is given by 
dV/dt = i/C = (Vn/CRs), and the rate of rise of Jc2 is then (gmVn/ 
CRs)*, giving a voltage rate of 


V, &mRe//Ra 
""~CRs 


at the collector. In the above example this would be about 


10 x 1/50 x 2:2 x 18 
0-065 x 22 x 20-2 


giving a rise time of 


x 106 = 274 V/msec 
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The rise time is therefore 3-7 per cent of the interval +, and this will 
hold for any value of C until 3-77/100 is comparable with transistor 
turn-on time. 


Limitations in use 

This standard one-shot circuit is simple to design but has certain 
limitations. If 7 is to be variable, then C may be changed, but where 
times greater than a few tens of microseconds are required the large 
value of C makes its continuous variation impractical and it must 
be switched. Rs may be varied but its maximum value is restricted 
to about @,R, and its minimum to about Rs, since it presents an 
additional load on Tz collector (see asymmetrical operation of the 
free-running multivibrator). This is why approximately equal values 
were chosen for Rg and Ry. 

A less obvious restriction applies when the input is a train of 
pulses with a minimum interval comparable with 7. The circuit will 
operate correctly on the first pulse, but if the second occurs before 
T; collector has reached — Vn, then the next value of 7 will be smaller. 
If this continues and the input pulse spacing is constant, each output 
pulse after the first will tend to an equilibrium width which is less 
than r. When the output from Tz is smoothed and the resulting d.c. 
used as an indication of input frequency, the law of Vous against fin 
will become non-linear when fin is high enough to cause the effect 
in question. The reason that the effect is often overlooked is that the 
time constant ‘RgC is much less than R5C and the designer feels that 
this is a good reason to forget it. Unfortunately the collector circuit 
aiming and final potentials are the same (— Vn) whereas the base 
circuit aiming potential is — Vp and its final level — Vey. The collector 
circuit therefore recovers only after about 4RsC compared with the 
base circuit time of 0-7 RsC. 

Any attempt to reduce the recovery time by reduction of Rg re- 
quires lower Re, thus reducing the output swing from T2. The basic 
problem is to recharge C as rapidly as possible, and one simple 
method is the addition of an emitter-follower Ts between Ti col- 
lector and C (Fig. 3.15), its emitter load Re being less than Rg by a 
factor of about 3/5. This speeds up circuit recovery by a factor of 5 
but adds only 20 per cent extra load to T;: collector circuit. 

An alternative method which is not quite so effective is to catch 
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Ti collector by use of a diode at a potential more positive than 
—Vn, so that the time taken is only about 2CRs. This reduces T; 
collector swing and so reduces + also, but the ratio between 7 and 
circuit recovery is improved. 


I To Ty base 


Note that if the input is present for a time greater than 7, recovery 
will not begin until the input is removed, although the output from 
Te collector will be normal. 


Trigger requirement 

The input signal must take T; base negative enough to raise T; 
collector sufficiently to cut off Tz. Re then takes over and the input 
is no longer required. The input current required from the source is 
just greater than Vp/Ri (about 0-6 mA in our example) and its re- 
quired potential swing is (Veo. + Veni (0-6 mA)), 2 V being a very 
conservative estimate. 

The diode D, ensures that if the input returns to zero potential in 
a time less than 7 (which is usually the case), then T; is not turned 
off, as this would immediately cause Tz to turn on again. The output 
would then be a pulse identical to the input in width, 

An alternative triggering input is at Tz base, where a positive input 
coupled by a diode Dg (Fig. 3.16) cuts off Tz. The diode then cuts 
off, allowing Tz base to rise to + Vn. 

Another trigger input, also shown in Fig. 3.16, is to T collector, 
where a positive pulse drives Tz off by means of C. Although this is 
a less sensitive input than the Ty base trigger, it has several advan- 
tages and should be regarded as the preferred method whenever 
ultimate sensitivity is unimportant. Its main advantage is that 
spurious trigger pulses appearing after normal triggering and before 
completion of the one-shot action, have no effect on timing. An inci- 
dental point in its favour is that in sequences of timing-interyal 
circuits, direct-coupling is often possible at the correct d.c. level for 
collector triggering, thus obviating the need for a coupling capacitor. 
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Triggering methods and their properties are discussed more fully 


in Circuit Consultant’s Casebook (Business Books, 1970). 


The Standard Bistable : 
This circuit differs from the previous multivibrator in that both 
collector—base feedback paths are directly coupled (Fig. 3.17). 


Circuit function 

The circuit is designed so that if T; is cut off the current in (Rs + 
Rs) minus the current in Rg is sufficient to saturate Tz. When Te is 
saturated, the current in Ri exceeds Jcpo1 plus the current in Re, so that 
T; is maintained in the cut-off condition, resulting in a stable state. 


=i 
Fic. 3.17 Standard bistable 


In the opposite condition, values are similarly chosen so that 
another stable state exists with T, saturated and T2 cut off. This 
usually, but not inevitably, leads to a symmetrical design where 
Ri = Ra, Re = Rs, and Rs = Re. 


Use of the bistable 

The most common use for this circuit is in binary counters in 
computer systems. A method of input trigger routing (described 
later) is added which makes the circuit change state alternately when 


70 ELECTRONIC DESIGNER’S HANDBOOK 


an input pulse train is applied. The output from either collector is 
then differentiated, giving a pulse train at half the input frequency; 
by using this to trigger a second bistable the process of frequency 
division continues. If n such stages are used, the final binary changes 
state after a total of 2"-1 input pulses have been applied, so that the 
system may be used as a binary counter. There are many variations 
on these lines and the interested reader is referred to the many 
volumes devoted to computer systems and circuits. 

The bistable is also useful in converting a momentary signal into 
a permanent state for use as an alarm or interlock signal. 

In most modern equipment, discrete circuit bistables are seen only 
rarely owing to the advantages given by standard microcircuits. 
However, knowledge of the design procedure is important in fully 
understanding the counting process and in enabling the student to 
appreciate the complex operation of the circuits within a J-K or 
D-type bistable, 


Design 

Design follows the same lines as the previous circuits in this 
chapter. Assuming the symmetrical form, determine the required 
loads Rs, Rg. Design Ri, Ra as before, so that Vp/Ri,a = Vp/Ra > 
Icvo1,2; then finally design Re, Rs to pass more than Vp/R4 + 2Vn/BRs 
to ensure saturation. 

For example, assume Vp = 10, Vn = 15, Rg = Re = 4:7 kQ, and 
that silicon transistors with 8; of 30 min at 4 mA are to be used. 
Then 

Ri = Ra < Vp/Tcvormaz., < 200 kQ, e.g, 18 kQ 
Current for saturation 
2Vn/B 4:7 + Vp/18 = 0:20 + 0-55 = 0-75 mA 
Re + Re < Vn/0-75 
Therefore 
Ro, Rs < 15 kQ, e.g. 12 kQ 
Temperature effects 

When T; is cut-off Jcno1 tends to lower T; base potential and cause 
Ti conduction, and the circuit fails unless the current Vp/Ri exceeds 
Teo at the maximum temperature. 

The output voltage swing is from Veecsat. (almost zero) to 

__VaRe , 7, _RoRe 
Ro+ Ro °° Re + Re 
and so varies with Jcvo. 
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In most applications the first temperature effect is the more 
critical. If silicon transistors are used it is often possible to obtain 
satisfactory high-temperature operation even if Vy is zero, by ensur- 
ing that Jcpo1R1//Re is less than about 50 mV so that the transistors 
cannot turn on owing to Jeno. A similar criterion is often used for 
germanium types, but then Ri would be very small (because Jcpo is 
large and the transistor turn-on voltage small) and would rob T; of 
much of its turning-on base current in the opposite state. This 
usually limits the reliable operating temperature to well below 50°C 
and the use of Vp, even if only 1 V, improves this situation con- 
siderably. 


i Pa oa 
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Fic. 3.18 Triggering a bistable 


Triggering circuits 

There are many methods for triggering the bistable, and only two 
will be considered here. If the circuit is to be used for alarm indica- 
tion where an input signal pulse changes the state of the binary which 
is later reset by a different signal, the input may simply be coupled 
by a diode to either base, and the other signal to the other base 
(Fig. 3.18). 

The circuit is ‘set’ so that the transistor connected to the signal is 
cut off and when the signal appears the circuit changes state, pro- 
vided the input signal can supply more current than Vp/Ri and 
enough voltage to bring the base below earth. This voltage is the 
forward diode drop plus (VpRz)/(Ri + Re) which is the amount by 
which the base is positive. 

The re-setting signal can be coupled in the same manner or can be 
manually operated as shown, where Rg must pass more current than 
Vp/Ra, ie. Ro < (Vn/Vy)Ra. 
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A much more difficult situation arises when the bistable is to be 
used as a counter. Each successive input pulse must change the state 
of the circuit so that a ‘steering’ or ‘routing’ circuit must be added to 
direct the input pulses to each base alternately. 

The usual arrangement is shown in Fig. 3.19, which has super- 
ficially a simple action. Supposing Ti is on, then Ty base is just 
below earth so that D, is near conduction; Tz collector—base is at 
+ VyRs/(Ra + Rs) so that De is cut off by a few volts. If a positive 
input pulse of a few volts is applied, this is immediately coupled to T: 
base and T; therefore cuts off. No pulse was applied to Tz base, so Tz 
is turned on by T; turning off. When a second input pulse is applied, 
the situation is completely reversed and again the state of the circuit 
changes. The bistable therefore operates as a counter or frequency 
divider as intended. 


Fic. 3.19 Binary counter 


The above explanation is by no means sufficient, because Tz base 
cannot fall any lower than De allows, so that if the input remains 
positive both transistors will cut off. When the input finally falls, 
there is no reason why the transistor which was previously cut-off 
should now turn on, since all circuit conditions are symmetrical. If 
any unintentional asymmetry exists, the tendency will be for one 
particular state to be preferred and the circuit may never change 
state. If, on the other hand, the signal rapidly cuts off Ti and is re- 
moved before Tz base has descended appreciably, then there is no 
reason why the changeover which has been initiated should con- 
tinue; the more likely event is that T; will resume conduction. 

It is only the addition of capacitors C; and Cz which enables the 
desired action to take place. If T; is saturated and Te cut-off, the 
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upper connection of C2 is at Vp/[Rs/(R4 + Rs)] and its lower con- 
nection at Veesat.)- 

The upper connection of C; is at — Vp and its lower connection 
at about — Vn/[Re/(Re + Re)]. The charges on C; and Ce are there- 
fore as shown in Fig. 3.20, and it is clear that C; carries a greater 
voltage than Cz. (In the practical example, Vp = 10, Vn = 15; 
Ri, Ra = 18 kQ; Re, Rs = 12 kQ; Rg, Re = 47 kQ, giving Ver = 
10:8 V, Vea = 4 V.) 


Yp=10V 
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Fic. 3.20 Practical bistable 
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(a) (b) 
Fic. 3.21 (a) Base voltages in Fig. 3.20, (6) equivalent circuit of (a) 


When the input pulse arrives, Ti is cut off, and if the input re- 
mains positive, Tz base descends only until Dz turns on; both tran- 
sistors remain with bases positive and are consequently both cut off. 
If the input now disappears rapidly before capacitors C, and Cz have 
appreciably altered their charge, the circuit now appears as shown 
in Fig. 3.21 (a), where the capacitors are represented by batteries 
and the transistors are omitted, as they are still cut off at this time. 

By Thévenin’s theorem the circuit can be represented by Fig. 
3.21 (6) from the point of view of the two bases. Both base circuits 


have the same source resistance, but the e.m.f. for T; base circuit is 
F 


74 ELECTRONIC DESIGNER’S HANDBOOK 


|Zi| = Ri =_- Vp and for Te, || = IgR4 — Vp. Since Ver > Vio, 
I, < Jz and therefore |E2| > |Z;| (assuming a workable design where 
Vp is not so large that saturation will never occur). In the example, 
Va = 11 V and Vig = 4 V, giving I, = 14/227 = 0-6 mA, and 
|Ei| © 1 V; Ie = 21/22.7 ~ 0-9 mA and |£2| ~ 6 V. The source 
resistance to both bases is Ri//Re = Ra//R3 = 4-7//18 = 3-7 kQ. 

As the input signal falls, the initial base current for T; will be 
1/3:7 mA and for Tz 6/3°7 mA. Provided @(71) is not > @(T2) by a 
factor of 6, it will therefore be Tz which conducts first, and as it does 
so its collector rises and reduces T; base current. 

It is now clear that only C; and C2 cause correct changeover 
action, and although they have also the effect of improving 
collector-base coupling during transition, their main purpose is 
the storing of a charge in accordance with the state of the circuit. 
For this reason they are often called ‘memory’ capacitors, as they 
remember the previous state. 

The correct values are obtained from a study of the above action. 
The charge on C; and Cz must remain from the moment of input 
triggering to the end of the trigger pulse. On the other hand, the 
charge must change when the binary settles in a new state before the 
next input trigger pulse begins. The time constant associated with Ci 
is C,Ro//Re when Ty has just turned on, but is C1Ro// (Ri + Re) 
when T; is off. Similarly, C2 time constant is C2R5//(Ra + Rs). 

In the circuit given, the input trigger pulse length is determined 
by the differentiating circuit CR, where R includes circuit-loading 
with T; and Tz cut off. 

The criteria for correct memory are therefore CR < CiR»// 
(Ri + Re) < T, where T is the input signal period. 

Note that owing to Ci and C2 the collector waveforms have slow 
falling edges, the fall time constant being equal to the memory time 
constant CiRo//(Ri + Re). 


Other Switching Circuits 

There are many other circuits in which the transistor is used as a 
switch, and also several versions of the above standard circuits. The 
reader should experience no difficulty in their design provided that 
he makes certain of the precise mode of operation before calculating 
circuit values. 

The use of a transistor as a low-level chopper switch requires a 
different design approach and is dealt with in Chapter 9. 


4—Transistor T-equivalent circuit 


For most design purposes the well-known T-equivalent circuit shown 
in Fig. 4.1 gives an adequate representation of the low-frequency 
behaviour of a transistor. 

The use of this circuit enables any normal circuit to be analysed, 
by simple if tedious application of Kirchhoff’s laws, provided the 
signal currents involved are only a small fraction of the transistor’s 
operating currents. For large current changes the circuit is still correct 
but each parameter in it has to be considered variable and dependent 


emitter me collector 


base 


Fic. 4.1 Transistor T-equivalent circuit 


upon the current flowing in it; using the circuit is then hardly 
practicable. 

Some of the results obtainable by the use of this circuit are given 
in Appendix 3, and it is shown that by making certain assumptions 
about the relative values of the equivalent circuit components these 
results can be greatly simplified. These simplified expressions are 
those used by practical designers and the complete form is resorted 
to only in unusual conditions, a typical example being the circuit 
described in Chapter 12. 

In the present chapter it is assumed that circuit values allow the 


75 


76 ELECTRONIC DESIGNER’S HANDBOOK 


simplified forms to be used, although pitfalls will be pointed out 
where the necessary conditions may be violated inadvertently. 


TYPICAL VALUES IN THE T-EQUIVALENT CIRCUIT 
The simplest way to become familiar with practical values is to 
examine the characteristic curves for a range of general-purpose 
transistors of various power ratings and junction type. 

Collector resistance rz is the slope of the graph relating Ve» with J, 
for constant J¢. Its value is usually in the megohm region for transis- 
tors of less than 1 W rating (e.g. 2N930) and is as low as 10 kQ ina 
power transistor rated at tens of watts (e.g. 2N3055). 

The current generator coefficient a is approximately equal to «, 
which is given by the ratio J,/J- at constant Vc». In practice this is 
difficult to read from the curves with sufficient accuracy, and since 
a generally appears in the equations in the form (1 — a), i.e. approxi- 
mately 1/8, it is more useful to read directly from the slope of the 
graph I¢/Ip (Je/Jy is nearly the same) at constant Vee. 6 usually lies 
between 15 and 300, falling at very low and at very high currents. 

Note that the slope of the Vee/Je graph for constant Jp is re/B. 

The values of re and rp cannot readily be obtained directly from 
the curves, but examination of the equivalent circuit analyses in their 
simplified form shows that re and ry invariably occur as either 
(re + ro(1 — a)) or (ro + ref(1 — a)). Since (1 — a) & 1/8, these 
expressions are (re + rp/8) and B(re + ro/®). 

These can be obtained directly, because (re + re/@) is the slope of 
the curve J,/Ve» for constant Voy and B(re + rv/8) = (ro + Bre) is the 
slope of the curve J)/Ve» for constant Vee. (re + 7/8) is typically 
50 Q at J = 1 mA for any transistor and is roughly inversely pro- 
portional to J¢. 

The quantity (re + r»/®) has the same significance as 1/gm has in 
valve circuitry: it enables the emitter or collector current to be 
calculated in terms of the input voltage which caused it. Thus, if the 
input voltage appearing between base and emitter is vin, the resulting 
emitter current is vin/(re + 7/8) and the collector current is «vyn/ 

Te + 7/8), which is roughly the same, since « ~ 1. In view of this 
relationship, this quantity (re + r»/@) is often called 1/gm, where gm 
is mutual conductance, and this terminology will be used here. 

Should the values of re and ry require to be known separately, re 
can be calculated as (12-5/J-) 2, where J; is in milliamps, and rp can 
be deduced knowing 1/gm, re, and 8. 
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In the next section the derivation of the circuit equations for 
typical applications is given, and the assumptions leading to more 
useful simplified equations are stated. 


CIRCUIT ANALYSIS USING T-EQUIVALENT CIRCUIT 


The first configuration yields the voltage gain, input, and output 
impedance of the emitter follower and the grounded emitter ampli- 
fier. Since the analysis applies for small signals only (because large- 
signal currents change the values of re, 7», etc. during one cycle), the 
external components Zs, Zz, and Zz, represent any external circuits 
which behave like impedances of these values to small signals at the 
input frequency. 


r----------- 


Fic. 4.2 Basic emitter follower/grounded emitter base 


In small-signal analysis, supply lines are assumed to have negligible 
impedance to ‘earth’ (supply common). This is not always true, 
especially at high frequencies, in which case the actual supply 
impedance Zp must be inserted. 

The circuit of Fig. 4.2 is called an emitter follower when the output 
is taken from the emitter; the presence of Zz is shown by the analysis 
to make little difference to performance as an emitter follower. 
When the output is taken from the collector, the circuit is a grounded 
emitter amplifier; the values of Zr and Zz are of great significance in 
its performance. 

By calculating vz/vs, vz/vs, Zin = Us/is, Zouz = Velie and Zoutc= 
vz/ic, the performance of both circuits is established, since Zz or Zz 
can be zero if required. 

The procedure is to replace the transistor by its T-equivalent circuit 
and analyse the resulting network, using Ohm’s law and Kirchhoff’s 
laws. In carrying out this analysis it will be found helpful to regard 
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all signal voltages as measured from earth (common); an additional 
point which ensures the correct relative polarities is that when i, is 
shown to be flowing into the emitter (as shown in Fig. 4.3), the cur- 
rent generator aie must be in the direction indicated, i.e. tending to 
cause collector current to flow outwards into the load Zz. By using 
these methods the phasing of the various signals is consistent and if, 
for instance, vz = —kvs this means that an inversion takes place 
from vs to vz, if k is a real constant. 


Collector 


ey inn 
iti, 


at fo (1-0) 


Fic. 4.3 Equivalent circuit of basic emitter follower/grounded emitter 
base (Fig. 4.2) 


Note that the parameters re, rp, etc. are correct for small signals 
only and cannot be used to calculate bias conditions; these bias 
conditions in fact determine the values of the network parameters. 


Network Currents 

Starting with the given i, and is, the remaining currents are readily 
obtained by Kirchhoff’s first law (the sum of currents at a junction is 
zero). Thus, the current leaving the junction of rp and re is (is + ie) 
and this same current must emerge from the collector. The only 
tricky point is the polarity of the current in re, which the beginner 
often reverses; an easy way to think about this is to imagine the 
collector load to be open-circuit when it is clear that the current 
generator ai, circulates its current through re, so that in Fig, 4.3 
die flows downwards in re. 

The detailed calculations are worked out in Appendix 3 and more 
practical simplified calculations are also given which are correct for 
most designs. 


Significance of the Results of Analysis 
For the simplified results, which rely on assumptions usually valid 
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in practical circuits, it soon becomes clear by inspection that a 
simple picture of transistor circuit performance will yield correct 
answers. To recall the important simplified equations (Appendix 3): 


Emitter follower 
Input impedance 
Zin = 0[Ze + 1/gm] -(A.25) 
: Fe 
= Flee A +(A.28 
Gain Ve/Us Z¥ lem + Zalb (A.28) 
Output impedance 
Zoute = Zs/8 + I/gm ..(A.33) 
Earthed emitter amplifier 
Input impedance 
Zin = BlZe + 1/gm] +(A.25) 
Fi Zr 
aera eS a (A335 
Gain vp/vs Z + lem + ZB (A.35) 
Output impedance 
Zout ce © re(Ze large) »(A.37) 
® re[B(Ze zero) +(A.39) 


Note that the input impedance to both circuits is equal to the 
sum of two components in series: 8/gm, due to transistor internal 
resistances, and BZ, which is the emitter load impedance increased 
by a factor 8. This is expressed in Fig. 4.4. 


2, 
a % 
Yow (BGn)+ BZ, 


Fic. 4.4 Transistor input impedance as seen by source (enables vp to be 
calculated) 


Examination of equation (A.28) shows that the gain would be 
unity except for the terms 1/gm and Z,/8 in the denominator. The 
emitter circuit therefore behaves like a generator of source e.m.f. vs 


80 ELECTRONIC DESIGNER’S HANDBOOK 
and internal impedance 1/gm + Z,/, as indicated in Fig. 4.5, giving 
= poe] 
fants lz + (gm) + ile) 
An alternative way of looking at this circuit is to calculate from 
Fig. 4.4 the voltage vp actually reaching the base, namely 


“] B/gm + Ze 
oo 8 Zt Olewit hZe 


As far as the transistor is concerned, this is a zero resistance source 
connected directly to the base: the transistor functions according to 


(1/9m)+(25/ B) si 


Fic. 4.5 Transistor emitter output as seen by Z, (enables ve to be cal- 
culated and, hence, ie) 


(Wgn#2/B) 9m s 


= 
we a e fn “4 rf 
Fic. 4.6 Alternative forms of Fig. 4.5 give identical results 


the voltages which are applied to it and it cannot know what lies 
beyond. Hence, the emitter circuit can be regarded as shown in 
Fig. 4.6. The emitter voltage using this circuit would be 


" lem + PZe 5 Ze —_ Ze 
*Zs + Blgm + BZ.” Ze+ Ilgm  *Ze + I/gm + Zl 
as before. 


Having used the emitter equivalent circuit of Fig. 4.5 or 4.6, the 
emitter voltage can therefore be calculated, and so the emitter 
current is known by dividing by Z¢. Alternatively, the same answer is 
obtainable by dividing vs; by [Ze + 1/gm + Zs/8] or by dividing 
vw by [Ze + 1/gm]; one of these two must be used if Z,=0 to 
avoid an indeterminate result. 
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By using one of the equivalent circuit forms given above, the input 
impedance, emitter voltage, and emitter current can therefore be 
calculated. By assuming that the collector signal current is approxi- 
mately equal to emitter signal current (which is true for the conditions 
which lead to the simplified equations), the signal collector voltage 
is known by multiplying this current by Zz. 

This is illustrated by the dismembered form of equivalent circuit 
shown in Fig. 4.7, 4.7 (a) showing the input circuit and 4.7 (6) the 
output circuit. Using this representation, all linear circuits may be 
analysed very simply, although the full T-equivalent circuit has to be 
resorted to for exceptional conditions which make the approxima- 
tions invalid. 


(0) 
Fic. 4.7 (a) Input, and (6) output equivalent circuits 


Variations in Circuit Performance 

It will be seen that many of the analytical results are very de- 
pendent on transistor parameters, particularly @ and gm. These 
parameters are by no means constant between various specimens of 
one type of transistor or even for one particular transistor when the 
ambient temperature or operating current changes. The practice of 
selecting transistors from a batch to a tight specification giving, for 
example, a spread in @ of 1-5 to 1 instead of the normal figure of 
perhaps 3 or 4 to 1, is unsatisfactory in at least two respects. It leads 
to higher transistor cost because of the work involved in selection 
and the possibly poor yield of acceptable transistors, and it leads to a 
great variety of transistors with only slightly different specifications. 

The designer must therefore ensure correct circuit performance in 
spite of these variations and this aspect of design is at least as im- 
portant as, and is indeed complementary to, his concept of the con- 
figuration to be used. One part of this process has been covered in 
Chapter 2, where the importance of the bias arrangements was 
stressed, in order to stabilize the operating currents and voltages. 
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This involves arrangements which reduce base voltage variations 
and also ensure by the use of large emitter resistors returned to a 
high voltage that any base variations have the least possible effect on 
emitter current (and therefore collector voltage). This second pre- 
caution can be regarded as keeping low the transistor stage gain 
from base to collector for very slow-moving signals, which is indeed 
achieved (see Fig. 4.7) by high Re. 

This provides a clue to a method for stabilizing the gain at higher 
frequencies. Instead of making Z, zero at the signal frequency (by 
capacitor to earth) which would give the highest obtainable gain, a 
series resistor can be included as in Fig. 4.8 (a) and (6). The gain 
equation v¢/vs is Rr/[lg/m + Re'] (if Xc is negligible at the signal 


Fic. 4.8 Addition of Re’ to stabilize gain 


frequency), and if Re’ > (1/gm), variations in 1/gm have no effect on 
gain. Knowing the possible variations in 1/gm, Re’ can be designed 
to reduce their effect by any desired extent. Unfortunately, the gain 
itself is reduced by the same amount, so by varying R-’ the gain 
could vary from, e.g., 100 + 30 per cent to 30 + 10 per cent or 
10 + 3 per cent, etc. 

This method of overcoming the effects of variables which are out- 
side the designer’s control by adding fixed components to swamp the 
variables is used in many designs. 

In the present example it can be regarded as a form of negative 
feedback, a subject discussed in Chapter 9. The ideal is to make the 
circuit performance depend only on static components, the accuracy 
of which are well specified. In an actual design transistor parameters 
will inevitably affect performance but, in a correct design, only to an 
extent which can be allowed by the circuit performance specification. 
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The following chapters give procedures for the design of a variety 
of circuits using the above philosophy. 


Emitter Coupled Pair 

This circuit (Fig. 4.9) is a very useful amplifier having two input 
and two output terminals. Its bias arrangements present more prob- 
lems than the simple earthed emitter amplifier and will be dealt with 
later in the chapter; only its small a.c. signal behaviour will be 
discussed here. 


Fic. 4.10 Equivalent circuit for v2 = 0 


Since the signal currents are assumed to be small compared with 
transistor bias currents, operation is almost linear; therefore the out- 
puts produced by the two inputs vsi and use can be assessed separ- 
ately and the results added, by the principle of superposition. 

If vsi is present and vs2 short-circuited, the common emitter volt- 
age ug can be calculated from Fig. 4.10, showing vs1 connected to E 
through an apparent source resistance (Rsi/Pi1 + 1/gmi), E being 
loaded by Rz in parallel with the emitter impedance of Tz, namely 
[Rse/B2 + 1/gm2]. For simplicity assume 7; and 72 are identical 
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and that Rs: = Rse, and further, that Rz is very large in comparison 
with (Rs/8 + 1/gm). In this case the source resistance between vs1 
and vg and the loading on vg are equal, giving vz = 4vs1. Hence, 


iz = (tsi — ve)/[Rs/B + 1/gm] = 4usi/[Rs/B + 1/gml, 
and 


vor/vsi1 = —4Rz/(Rs/B + 1/gm) 


(The reason for the negative sign is obvious from inspection of the 
direction of igi in Fig. 4.10.) 

In this special case, where Rz is very large, T; and Tz, Rsi and Rs 
are identical, and only vs1 is connected, the voltage gain from vs. to 
Ti collector is 1/2 that obtained from a single transistor stage having 
an earthed emitter. 

Continuing the analysis, Tz emitter current is also 

4Zusi[Rs/B + 1/gm] 
so that vc2/vs1 = +4Rx/[Rs/B + 1/gm) 
the voltage gain from us; to Tz collector is therefore equal but oppo- 


site in sign to the gain to T; collector. 
The effect of a finite value of Rz is to change vg from vs/2 to 


[Rs/B + Mgml//Re _ R 
81 “OERS/B + Mem) ~ 2°" Re + Rel + [gm 


which is slightly smaller. The value of T; emitter current, i.e. 
(vsi —v)/[Rs/® + 1/gm], is therefore increased and T2 emitter current 
i.e. vg/[Rs/B + 1/gm], is decreased. The gain to Ti collector is 
therefore higher than to Te collector. 


Re + Rs/B + 1/gm)Re 


ver/osi being — FRE Rs]p + WeallRs/B + eal 


and 


4ReRi 
[Re + Rs/B + 1/gml[Rs/B + 1/gm) 


Returning to the simple case (Rz — ~), the effect of source vse 
will be equal and opposite to that of ys1, so that 


vei/vs2 = +4Rx/[Rs/B + 1/em] 


vc2/vs1 being + 


and 
vea/vs2 = —4Rx/[Rs/B + 1/gm) 
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With both inputs present the collector voltages are, by superposition, 
vei = —Ust}Rz/[Rs/% + 1/gm] + vs2hRx/[Rs/B + 1/gm] 


_ —(si — vs2)4Rr 
Rs/8 + I/gm 
and 
_ —(Ws2 — vsi)s Re 
roe RsiB + Wgm 
The significance of these results is that if ys1 = vse, then vei = 
vce = 0; and if vs1 = —vse, then 


a mae) ee ial pote MAU wars 
ver = — 051 RGF Tem and vc2 = +us1 Bele + lem 


This amplifier therefore produces equal and opposite outputs 
dependent only on the difference between the two input signals and 
not on the sum. Thus, if 


Ru 4 
Rs/8 + 1/gm ti 


and two sine-wave signals were applied, identical in frequency and 
phase, vs1 being 100 mV peak, usz2 being 95 mV peak, then ve1 would 
be (100 — 95)30 = 150 mV peak and in antiphase with ys1, and vce 
would be 150 mV peak and in phase with us1. 

This result is easy to understand by considering the current flow 
caused by us and use. If these are identical signals and Rz is infinite 
(see Fig. 4.10), vz will also move identically with them. (If it did not, 
then the currents flowing out of the vg junction into T; Tz would 
change so that the current in Re must change, which is impossible; 
therefore vz must have moved in such a way as to cause no current 
change in T; or Te, i.e. vg must have followed vsi, vsz identically.) 
No signal current flows in T; or Te, and no collector voltage change 
occurs. 

When vs1 and use differ, then a current flows along the (Rs1/81 + 
1/gm1) and (Rs2/G2 + 1/gm2) paths, causing a current change which 
is one way for T; and the other for Tz, giving equal and opposite 
polarity collector voltages. 

A finite Re clearly changes the first result, since if ys1 = vse, the 
current in T; and Tz does not now remain constant but the total 
current changes by vsi/Re. If the 7; and 72 are identical and are 


30 
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sharing the current equally the result is a change of current in both 
Ty and Tz of 4us1/Rz. Each produces an output voltage of —4us1R1/Re 
and each output is in antiphase with vs; and us. 

The presence of a finite Rz therefore results in an appreciable 
output even when vsi = use. 

When an amplifier is to be used for measuring the small difference 
between two large signals, the criterion for good performance is the 
ratio between ‘push-pull’ gain vout/(vs1 — vs2) and ‘push—push’ gain 
Vout/(¥si + vs2), often called ‘rejection ratio’. In the emitter-coupled 
pair this is proportional to Rz, as shown above, and is typically 
between 20 and 200. 

The use of a constant-current device (Chapter 6) instead of Re 
improves this figure to between 2000 and 20 000. 


Biasing the emitter-coupled pair 

In designing a practical emitter-coupled pair amplifier, the bias 
conditions present a special problem. If the basic circuit is used as it 
stands, both bases being returned through resistors to a fixed poten- 
tial (e.g. ‘earth’) and the common emitter connection taken to a 
suitable supply, then although the current in Rz is well defined, the 
ratio in which it divides between T; and Tz is unknown. With normal 
transistor spreads for Vpe against Jz, one transistor may be cut off 
while all the current from Rg passes into the other. This is no exag- 
geration, as a glance at production spreads of J, for constant Vie 
soon confirms, 

The corresponding valve circuit, the cathode-coupled pair, be- 
haves in the same way if two pentodes are used. This is the main 
reason why triodes are preferred, since by using equal anode loads 
any tendency to cut off causes the appropriate anode voltage to rise, 
thus increasing the current. With pentodes, as with transistors, a 
change in anode or collector voltage has little effect on the current 
and the unbalance remains. 

If the amplifier is to operate down to zero frequency, nothing can 
be done about balance except to add a zero-setting potentiometer 
(see Chapter 9): any feedback loop designed to balance the circuit 
automatically also reduces the zero-frequency gain. 

For the amplification of alternating signals only, which is a very 
common application, the zero-frequency gain should be reduced as 
shown in Figs. 4.11 and 4.12. In Fig. 4.11 each transistor is separately 
biased in a normal manner and C, must be a low reactance 
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compared with the emitter circuit impedance at the lowest angular 
operating seer Or, ie. 


1 Rs ee 42) 

a ft Rall gh “s Br ) Rall : Be 

In calculating rejection ratio, Re must be taken as Re1//Rez. At fre- 
quencies much below wz the rejection ratio will be degraded, since 
the push-pull gain falls greatly, and the push-push gain falls only by a 
factor of 2 if Rei = Rea. 


Fic. 4.11 Bias circuit for emitter-coupled pair 


Fic. 4.12 Alternative bias circuit for emitter-coupled pair 


In Fig. 4.12 Rex and Reg are arranged to drop a voltage greatly in 
excess of Ve», and Vey2. For a low-gain application C, may be 
omitted, but since Re: and Ree reduce the push-pull gain much 
more than the push-push gain, rejection ratio deteriorates. If C, is 
added, then a similar criterion applies, as stated for Fig. 4.11. The 
equation is “ee altered and becomes 


< (Ra + Re)ii(H + 48 + + + 4) 


aia Bi §m2 Be 
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SUMMARY 


The emitter-coupled pair may be used for differential amplification, 
its rejection ratio being as high as 20 000 (86 dB) per stage if the 
emitter feed is a constant-current source. Special precautions must 
be taken in fixing the operating point, otherwise severe unbalance 
occurs, 


5—Linear sweep circuit 


A linear voltage sweep can be produced across a capacitor which is 
changing its charge. The charging equation for a capacitor is 
i = CdV/dt, and for the special case where dV/dt is constant, i.e. the 
voltage sweep waveform is linear, this reduces to i = CV/t. 

For a constant rate of voltage per second, i.e. a linear sweep, it is 
therefore necessary to charge the capacitor with a constant current. 
There are several circuit configurations such as the Miller integrator, 
constant-current source, bootstrap sweep generator, which produce 
a linear voltage sweep, and although they are at first sight quite 
different, they all work on this principle of constant-current charging 
of a capacitor. 

In this chapter the bootstrap version is described in its simplest 
form and a typical design procedure is given with a numerical 
example. It becomes clear that the design of such circuits is very 
simple in principle and that the main task of the designer is to mini- 
mize unwanted side-effects which tend to change the current which 
is to be held constant. 


THE BOOTSTRAP SWEEP CIRCUIT 


Fig. 5.1 illustrates how use of the bootstrap principle can produce 
a constant charging current for a capacitor C. 

Assume initially S; rests in the position shown, that C’ is very large 
and that the box marked ‘X1’ is a unity-gain amplifier having high 
input impedance and low output impedance. 

Initially, B is therefore at zero potential, A is at VRe/(Ri + Re), 
and the current in Ri and Rg is V/(Ri + R2). 

On opening Si, the current V/(Ri + Re) which had been flowing 
through S; now charges C at an initial rate given by dV/dt = i/C, 


G 89 


90 ELECTRONIC DESIGNER’S HANDBOOK 


that is V/C(Ri + Re) V/sec. None of this current passes to the 
amplifier, since its input impedance is assumed to be very high, and 
if the amplifier output were not connected through C’ to A, capacitor 
C would charge exponentially towards +V, because as Ve rises the 
charging current decreases. 

With the connection to A made as shown, however, point A rises 
exactly in step with B, provided C’ is very large. This means that the 
potential difference V4z is the same as in the original state with S; 
closed, namely VRe/(Ri + Re), so that the current in Re remains 
V/(Ri + Rez) throughout the sweep and the charging rate for C is 
constant, being V/C(Ri + Re) V/sec. 


Fic. 5.1 Principle of bootstrap sweep generator 


The output voltage waveform V; is therefore a linear ramp until 
either S; is closed, giving a fast return to zero output, or the amplifier 
ceases to operate, which will occur in practice when V; exceeds some 
fraction of the supply rail voltage of the amplifier. 

Before considering practical design, it is important to note one 
or two points which can become confusing later if not completely 
understood at this stage. 

First, it is quite possible for point A to rise to a voltage higher 
than + V, even though no higher supply rail is used for the amplifier. 
The source of the energy which produces this effect is the capacitor C’ 
which has been pre-charged to a voltage VRe/(Ri + Re). 

Secondly, it is clear, especially after appreciating the first point, 
that Ri is redundant as soon as the sweep process begins. Its only 
function is to help determine the initial charging current which the 
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bootstrap loop then maintains. When the sweep begins, Ri constitutes 
a load on the amplifier through C’, making the design of the ampli- 
fier more difficult and increasing the required value of C’. The circuit 
is therefore improved if Ri is replaced by a diode (Fig. 5.2) which 
cuts off when A rises. 

Thirdly, the linearity can be spoilt in three main ways. (1) The 
amplifier may modify the charging current received by C if its input 
impedance is too low. (2) C’ may be inadequate, the effect being that 
the proportion of voltage lost across C’ (by discharge through 
R://Re) during the sweep, compared with the initial voltage on Re 
(VRo/(Ri + Re)) will produce that same proportion of nonlinearity. 


Fic. 5.2 Improved bootstrap sweep generator 


(3) The amplifier gain may not be held closely to unity throughout 
the sweep, the amount of departure from unity producing the same 
proportion of non-linearity. 

Finally, the output can with advantage be taken from point D 
since the waveform is similar to that across C, and the load will not 
then affect significantly the charging current for C. 

Bearing the above points in mind will make the design of the 
practical circuit of Fig. 5.3 easy to understand. 

Assume for example that a sweep output is required, after opening 
Si, having a rate of 5 V/msec, into a 10 kQ load from + and — 10V 
rails. Typical values will be calculated and the expected linearity 
assessed using a single emitter-follower Ti as shown. 

Since the quiescent output level is just below zero volts and the 
maximum possible output will be +10 V (Ti will then be bottomed) 
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the maximum load current is 1 mA, reached at the end of the sweep. 


Effect and Choice of Rz 

Resistor Rz can be omitted completely; this means that while C 
charges for the first few hundred millivolts T; remains cut off and 
Vout remains at zero. When Vg has reached the turn-on voltage for 
Ti, conduction begins and Vox follows the sweeping waveform on C. 
There are two snags in this action: there is a delay between operation 
of S and commencement of Vous; and the transitional period as T; 
is beginning to conduct will imply a high output impedance from Ti, 
so that the bootstrap loop will have noticeably less than unity gain, 
giving non-linearity near the start. In many applications these may 
be unimportant defects and Rz and the — 10 V line can be omitted. 


+V, (HOV) 


-¥, 0v) 


Fic. 5.3 Practical bootstrap circuit 


Assuming these effects are to be avoided, Rz should provide a 
standing current of about the same order of magnitude as the 
maximum load current, so that when the output rises, the change 
of current in Ty (due to the load current) is not large. It is un- 
fortunate that the currents in Rg and Ry, both increase as the out- 
put rises causing parameter variations in T; which change its gain. 
If the negative supply were many times the value given, or if a 
constant-current device were used, this particular effect could be 
overcome by making the standing current for T; many ‘times the 
maximum load current. This would then, however, cause further 
difficulties owing to the resulting rise in base current leading to a 
vicious circle to be solved only by the use of more transistors. 
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Rg will therefore be given the (non-critical) value of 10 kQ, giving 
an initial current into Rz//Rz of 1 mA and a final current of 3mA 
when Vout is at +10 V. 


Choice of 7; 

A tentative specification for the transistor T; must now be assumed 
before the design can proceed. The designer may have a particular 
type in mind, or may be prepared to search for one which is ideal for 
the purpose, depending mainly on how critical is the specification 
for the performance of the circuit. 

For the purposes of this example, a non-linearity of 1 per cent has 
been taken as the tolerable limit, and the experienced designer will 
immediately realize that a high-gain transistor will be required. For 
the moment, a minimum 8 of 50 will be specified over the range of 
operating conditions which apply throughout the sweep. 

Ti may be silicon or germanium, the important differences in this 
circuit being the higher Vp for silicon, so that the output swings 
from about —0-7 V to +9-3 V, rather than —0:2 to +9-8 V, and 
the leakage of germanium which robs C of some of the current in R. 
Since Joo varies greatly with temperature, the use of germanium for 
T; will cause drift in the rate of sweep with temperature, the magni- 
tude of which depends on the value of Jcs9 compared with the charging 
current through R, which is not yet decided. 

The voltage rating for T; is 10 V for Ve; the power rating cannot 
be decided until R is chosen. 


Choice of R 

This component is the only one in the circuit which causes diffi- 
culty, and this is because almost any value would seem to be satis- 
factory. How is the designer to know whether a charging current of 
1 mA or 50 mA would be preferable? 

In such cases the possible values should be taken to opposite 
extremes in order to arrive at more reasonable limits. Here, a 
charging current of 1 wA (giving R = 10 MQ) can be taken as one 
extreme and 1 A(R = 10 Q) as the other. The consequences of these 
clearly wrong values can be evaluated and from the result it will be 
obvious which values are really possible. 

If R = 10 MQ, the charging current is not in fact 1 wA, but is 
1 uA minus the base current of T;. From the (reasonable) assumption 
that @ is always at least 50, this base current will be at most 1/50 mA 
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at the beginning of the sweep and 3/50 mA at the end, assuming a 
sweep to +10 does take place. It is clear that no sweep occurs, 
because the charging current is actually negative and C will charge 
negatively with a current starting at 1 »A minus 1/50 mA. R cannot 
therefore have this high value and in fact must be low enough to 
ensure that the current it passes greatly exceeds 1/50 mA. 

On the other hand, if R = 10 Q, charging current is about 1 A, 
as intended, but it must not be forgotten that the transistor emitter 
current, which varies from 1 to 3 mA due to Rg and Rz, includes the 
current in R as soon as D cuts off, i.e. after a few hundred millivolts 
of sweep. Base current is therefore 1/50 (1 mA + 1 A) at the begin- 
ning and 1/50 (3 mA + 1 A) at the end, excepting for the first few 
hundred millivolts, when it is 1/50 (1 mA). This small value of R 
therefore produces a large enough current to swamp the base 
currents caused by Rz and Rr, but there is a sudden step in current 
when D, cuts off when the charging current changes from 1 A to 


(1 - =) A. To avoid this effect Rz could be reduced to give a com- 


parable current to that in R but then the original difficulty returns 
because Re current varies during the sweep. Another snag in using a 
low value for R is, of course, the power rating required of the tran- 
sistor (about 5 W) and the drain on the power supply. 

The compromise is easy to make: R must be small enough to 
avoid base current variations of 1/50-3/50 mA during the sweep 
causing more than the allowed non-linearity (note that base current 
caused by R itself, namely V/50R is constant throughout the sweep 
and causes no non-linearity); R must be large enough to avoid un- 
necessarily high dissipation in the transistor. 

In the example under consideration, a value of 10 kQ for R gives 
a nominal charging current of 1 mA. Base current is at most 1/50 mA 
initially, changes to 2/50 mA when D, cuts off, and ends at 4/50 mA 


at +10 V output. Charging current therefore varies from (1 - 3) 


mA to (1 - 4) mA, a variation of 6 per cent. If the first phase is 


ignored, variation is 4 per cent. 

A value for R of 2-2 kQ gives nominal charging current of 10/2:2 = 
4-5 mA. Base current begins at 1/50 mA, changes to (1/50 + 4-5/50) 
= 5-5/50 mA when Dy, cuts off, and ends at (3/50 + 4-5/50) = 
75/50 mA at full output. Total variation in charging current is 
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therefore 6-5/50 parts in 4-5, i.e. 3 per cent, or ignoring the first phase, 
2/50 in 4-5, or 0-9 per cent. 

This circuit in its simple form always suffers from this initial non- 
linearity until D, cuts off, as is shown by the above calculations. 
Since this phase occurs only for a few hundred millivolts, however, 
it scarcely affects the overall linearity figure and the second figure for 
each case above is the relevant one. The value of 2:2 kQ appears to 
be satisfactory, and although it would be tempting to make R smaller 
still, to meet the linearity requirement easily, discretion must be 
used: the letter of the specification may well be met but the ‘kinky’ 
appearance of the initial rise may be important to the user (though 
not specified) and dissipation will be raised without real justification. 


Choice of D; and C 

The charging rate for C depends slightly on the forward drop of 
Di, and so the type of diode should be specified before calculating C. 
The dependence of the charging rate on D; is so small that for 
practical purposes it is only necessary to know whether D, is to be 
silicon or germanium, giving a typical voltage drop of 0-5 V or 
0-1 V, respectively. The reverse leakage of Di has little effect on 
performance and merely adds slightly to the current which tends to 
discharge C’ during the sweep (which mainly consists of the current 
in R). 

Assuming a germanium type is to be used (almost any signal diode 
is Satisfactory, such as OA10, HG1005), a nominal allowance of 
0-1 V drop can be made in calculating the charging current for C, 
giving i = 9-9/2:2 = 4-5 mA. To obtain the required sweep rate of 
5 Vm/sec, C must therefore be 


4:5 x v x 10-3 F 
or 0-9 uF. 


Choice of C’ 

C’ must now be determined, and since it has been assumed that 
linearity is important, it will be allowed to degrade linearity by only 
4th per cent. The effect of C’ in practice is rather different from that 
of changing base current in T,; both cause the same kind of non- 
linearity because the charging current for C is made to fall during 
the sweep; but whereas a ‘worst-case’ design for Ti, i.e. assuming its 
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gain to be minimum, usually is pessimistic, the calculation for C’ 
will be correct and the designer has no right to expect practical per- 
formance for a given value of C’ to be better than predicted. The 
current for C’ is, as above, 4:5 mA. The voltage across C’ during 
the sweep must fall by no more than 1/8 per cent of the voltage across 
R, i.e. (1/800) 9-85 V. The total sweep time is about 2 msec (10 V at 
5 V/msec), so that, using i = C’ dV/dt, 
9°85 _— 108 

45 x 108 = Cay x > 
giving C’ = 730 uF. In view of the wide tolerances of electrolytic 
capacitors C’ must be given a nominal value of 1000 pF. 


Tolerance and Temperature Effects 

The design is now complete except for calculation of tolerances 
and temperature effects. Because of the simplicity of the charging 
equation for C, errors in the +10 V line, and in R and C all produce 
the same percentage errors in sweep rate. Temperature effects on 
these same parameters give sweep rate errors in the same way, and 
the only effects not so far included are the change in the forward drop 
of Di, the 8 of T; and the Vey of Ti. The first changes the current in 
R calculated from (10 — Vr)/R, knowing that Vr changes at —2°5 
mV/degC at worst. The second causes linearity to improve and 
sweep rate to increase with temperature because base current is 
reduced. The third gives a d.c. output change of +2-5 mV/degC 
(positive because the base voltage is unchanged and the emitter-base 
voltage decreases as temperature rises). 

Summarizing, the suggested design has a tolerance on rate of 
sweep of 7 parts in 250 plus the effects, in proportion, of +10 V 
variation and R and C tolerance. Linearity is better than 3/8 per cent. 
Provided transistor 6 over the range 5 to 7 mA exceeds 50 at the 
lowest operating temperature, the only detrimental effect of tempera- 
ture change is a d.c. output voltage change of at worst +2:5 
mV/degC. 

The sweep rate tolerance (2-8 per cent even with perfect positive 
line, C and R) is too great for many applications but this can be 
improved in this simple circuit only by a higher-8 transistor or a 
decrease in charging current, leading to worse linearity. 

A much-improved circuit results if T, is replaced by the comple- 
mentary emitter follower circuit described in Chapter 10. Circuit 
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design is the same as above but 8 becomes 6182, thus greatly reducing 
the effect of amplifier current on the charging current for C. 


Practical Problems 

In making practical use of the circuit just designed, it would 
normally be necessary to use an electronic switch for S, such as a 
transistor driven between saturation and cut-off. Depending upon 
the rate at which this switch is operated, the output is then a con- 
tinuous sawtooth waveform or a succession of sawteeth each 
separated by a waiting period. Both waveforms are often required 
for time-base generation for oscilloscopes, and the operation of 
electronic switch S to its closed condition, which terminates the 
sweep, is derived partly from trigger circuits operated by the signal 
being examined and partly from the waveform Vou¢ itself. 

Design of such a loop becomes complex when many different time- 
base frequencies have to be generated, especially when the required 
speeds approach the limit for available transistors. 

A full appreciation of the problems would require detailed dis- 
cussion of all the elements comprising the loop, but some insight can 
be obtained by noting the following points. 

The design procedure above was concerned only with the genera- 
tion of the ascending linear sweep and T; was taken to be n-p-n in 
order to illustrate the way in which the cathode of Dj is driven more 
positive than any supply rail. If T; is p-7-p, then when Vous reaches 
+10 V, it is evident that a more positive line has to be available 
merely to supply load current, thus masking the above phenomenon. 

When the closure of S; is considered, at the end of the sweep, all 
appears to be well provided that it is realized that some small series 
resistance in S; and C is inevitable. C discharges rapidly to earth 
(infinitely rapidly and with infinite current if no resistance is assumed) 
and Vout follows. 

In practice Rz will always have in parallel with it some stray 
capacitance Cs and when C descends to zero in a very short time, 
Vout can follow at the same rate only if current is available from some 
source which is sufficient to charge Cs at the high rate (dV/df) re- 
quired. In Fig. 5.3 the only sources which can charge Cs towards 
zero are the paths through Rg and Rz, since any transistor emitter 
current, other than the leakage, will flow in the opposite direction 
and can only charge Cs positively. 

It is clear that if the sweep rates involved are such that C becomes 
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as small as a few hundred picofarads, then typical load strays which 
are rarely less than 5 pF will cause the flyback time (i.e. Voue return- 
ing to zero) to be an appreciable proportion of the sweep. Reducing 
Re enables faster discharge of Cs to take place but degrades the 
linearity of the sweep as shown in the initial design. 

The root of the difficulty is that T; is unable to pass current in the 
right direction to discharge C rapidly and a p-n-p type would be 
more appropriate (see Fig. 5.4). Here the situation is reversed: Rz 
must supply the charging current for C and the load current. Maxi- 
mum total current is at +10 V when R takes 4-5 mA (as always) and 
Ry takes 1 mA. The voltage across Rg at this time is least, being 


+ Vp (+20V) 


+V, (+10V) 


Fic. 5.4 Bootstrap circuit, p-n-p version 


(V2 — 10) or 10 V if V2 = +20 V. Rez must therefore be at most 
10/5:5 = 1-8 kQ, This leaves no margin for tolerance and also leaves 
Ty just cut off when Vou: reaches +10 V. A safe value is 1-2 kQ. 

When S; closes and C discharges, Cs is now charged by as much 
current as T, emitter can supply. Since T; base has dropped by 10 V, 
the current which could flow if T emitter did not follow would be 
virtually unlimited; Cs therefore discharges to zero virtually as 
quickly as C, 


General Application of the Above Results 

The calculations required in the design of the above circuits are 
typical of many non-linear circuits in that the main consideration is 
the provision of adequate currents to obtain the required voltage 
swings. Several spurious effects combine in an attempt to frustrate 
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the designer by adding unwanted voltage drops, stray capacitance, 
and temperature drifts. 

Knowing the semiconductor properties outlined in the first and 
second chapters, only Ohm’s law and the charging equation 
i = CdV/dt are normally required to complete these designs satis- 
factorily, provided the function of the circuit is clearly understood. 


6—Constant-current circuits 


The term ‘constant-current source’ is usually applied to a circuit 
which supplies direct current, the magnitude of which is independent 
of the load into which it flows. This property can in practice hold 
only over a certain range of load conditions since there will always 
be a limit to the magnitude of the load voltage before the constant- 
current source limits. 

Sometimes such a source is required to deliver current which is 
also constant with respect to changes of supply voltage and tem- 
perature, and although the same name is given to such a circuit and 
the configuration is similar, detailed design is more complicated. 


BASIC CIRCUIT 


The simplest circuit to produce constant current is a voltage source 
in series with a resistor. The current in the load is then given by 
(Vi — Vi)/Ri (see Fig. 6.1), so that, provided Vz is always small 


+h 


Fic. 6.1 Simple current source 


compared with Vi, load changes have little influence on the current. 
If the load is a simple resistor Rz, the condition for constant current 
is Rz < Ri; if the load is a capacitor, the current remains constant 
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until the capacitor voltage becomes comparable with V;. The depar- 
ture from constant current is in fact 100Vz/Vi per cent. 

In many applications Vz, is required to be several volts in magnitude 
and the current is to be held to within a few per cent. This can only 
be achieved in the simple circuit of Fig. 6.1 if Vi is a few hundred 
volts, which is often inconvenient. 

Figure 6.2 shows how the use of a transistor solves this problem 
even with low supply voltages. In this circuit T; base is held at a 
potential V1Rs3/(Re + Rs) and Ti emitter will be a few hundred 
millivolts more positive. The current in R; is therefore approxi- 
mately (Vi/Ri[1 — Rs/(Ro + Rs)), ie. ViRe/[Ri(Re + Rs). Ti 
collector current and, hence, the load current are therefore ViRo/ 
[Ri(Re + Rs)], provided Ti is not saturated, i.e. provided Vz does 
not exceed V1R3/(Re + Rs). 


Fic. 6.2 Constant-current source 


For different loads obeying this condition the collector voltage of 
Ti varies, but this causes only a very small change in collector 
current. In fact, T; behaves like a source having resistance re if Ri 
is large, tending to r-/8 when Ri is zero (see Appendix 3, page 270). 
Since re is typically 1 MQ and T; can pass several milliamps, the 
simple non-transistor circuit would require a supply of a few 
kilovolts to equal this performance. 


Design of Constant-current Device 

Circuit values are dictated by the available supply voltage V; and 
the maximum load voltage for which current is to remain constant. 
When possible, as in cases where Vixmaz. is much smaller than Vi, 
but not quite small enough to allow a simple resistor supply to be 
used, the voltage on T; base relative to ‘earth’ should be as small as 
possible, i.e. just larger than Viymaz.- 
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This leads to the highest possible value for Ri, giving the highest 
effective source resistance from T; into the load; and also makes 
the actual current less dependent on transistor Ve» variations, since 
these are a smaller proportion of the voltage across Ri which deter- 
mines the current. 

Normal considerations for biasing a transistor must also be ob- 


_ served, in particular the base current of T; multiplied by Re//Rs must 


produce negligible voltage drop compared with the voltage across 
Ra (or Ri). If this is not observed in design, the load current will be 
less than intended and will vary appreciably for different transistors 
and with temperature. 

Temperature drift, again as in any normal bias circuit, is caused by 
Vey changes and 8 and Jc changes. Ve» drift causes the voltage across 
Ri to change by +2:5 mV/degC even if the base voltage remains 
constant. 8 and Jp change the base current and move the base by this 
change multiplied by Re//Rs and in addition cause the collector 
current to differ from the emitter current as given by Jp = ale + Ico. 

Supply voltage variations in this circuit cause proportional 
changes in the voltage across Re and therefore across Ry. (This may 
be easier to see if the rail named + Vj is regarded as stationary and 
the ‘earth’ line is taken to vary.) This results in a proportional change 
in emitter and therefore in load current. If the Vey of T; is comparable 
with the drop across Ri, the load current will change by a larger 
percentage than line changes. 


Typical Design 

Assume Vj is 20 V and a constant current of | mA + 5 per cent is 
required for a load which may have any value from zero to 5 kQ. 
Supply voltage V; is to be assumed constant. 

A simple resistive supply is clearly inadequate since, if the resistor 
is chosen to give 1 mA into zero ohms, i.e. 20 kQ, it will deliver only 
4/5 mA into a 5 kQ load. The necessary criterion for the success of 
this circuit, that the maximum load voltage (5 V) shall be only 5 per 
cent of the supply voltage, is not met (the percentage being 25). 

The circuit of Fig. 6.2 will therefore be used, and since Vigmaz.) is 
+5 V, the voltage across Rg will be made slightly greater, e.g. +8 V. 

The load current is 1 mA, and if a transistor is used having a 
minimum £8 of 25, maximum base current will be 1/25 mA. 

Values for R2 and Rs can now be calculated: the ratio Rg/(Re + 
Rs) = 8/20, and if the base current (1/25 mA) is allowed to cause a 


CONSTANT-CURRENT CIRCUITS 103 


change of, e.g., 4 per cent of the voltage across Rz (0:06 V) the 
parallel resistance Re and Rg is given by ReRs/(Re + Rs) < 0:06 x 
25 kQ. This suggests 

Re x 8/20 < 0:06 x 25kQ 
ie. Re < 3-75kQ 
and Rs/Ro = 8/12 = 2/3 
Now comes a form of juggling peculiar to the circuit designer, made 
necessary by the ‘standard value’ system of resistor manufacture. By 
use of a slide rule it is easy to find standard values for Re and Rs 
which are near to the ratio 2/3, but if this nearness is in error by 
more than a few per cent the voltage across Rg will no longer be 
12 V and this would mean that Ri (given by (Vai — Veo)/(1 mA), or 
nearly Vpi/1 mA) could not be given the convenient standard value 
of 12 kQ. 


vy 1+20V) 


Fic. 6.3. Typical design of constant-current source 


A careful study of the table of 5 per cent standard values (and 
resistors of this tolerance or better would have to be used) together 
with a slide rule search of 2/3 yields Re = 3-3 kQ, Rg =2:2 kQ. 
This gives the desired ratio, so that V») = +8 V and Vai = 12 — 
Voe % 12 V; hence, Ri = 12 kQ (see Fig. 6.3). 

Having now designed the circuit, the designer must calculate its 
performance with respect to supply and temperature changes, even 
if this is not called for in the specification. This practice is always 
desirable, as it immediately reveals the shortcomings of a bad circuit, 
or bad choice of values, which can lead to vast performance changes 
for small supply or ambient temperature variations. 

As indicated previously, a change of, e.g., 10 per cent in the +20 
line causes a change in output current of 10 per cent, i.e. 0-1 mA in 
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this design. A temperature rise of 10 degrees reduces Vie by 25 mV, 
thus increasing the current in Ry by 25 x 10-8/Ry = 25/12 pA = 
2 pA, thus increasing load current by 2 uA. 8 can rise by 2 per 
cent per degree C, giving a change of 8 from 25 to 30 for 10 de- 
grees rise. This causes Vpe to rise by (1/25 — 1/30)Re//Rs, where 
Re and Rs are in kilohms, giving 1/150 x 1-32 V = 8-8 mV. This 
in turn increases Vgi by the same amount, and J, by 88 x 
10-/Ri = 0-7 pA. 

For the sake of example, it will be assumed that I;po rises by 0-5 pA. 
Then Vpe rises by 0-5 x 3-3 x 2-2/5-5 = 0-66 mV, increasing the 
current in Ry by 0-66/12 = 0-05 pA. In addition, the load current is 
directly increased by 0-5 wA, giving a total increase of 0-55 uA due 
to Jcvo. Summarizing temperature drift, the output increases 2 pA 
due to Vye, 0-7 uA due to B for 10 degC rise, and typically 0-55 pA 
due to Topo. 


Choice of Transistor 

Unless high-temperature operation is important, most p-n-p small- 
signal types are satisfactory, provided Bmin, is at least 25 at 1 mA 
and that its Vee rating is at least 8 V with base circuit resistance of 
1-3 kQ. 

Suitable types are the 2N3702 and 2N2906. 

If the supply line were negative (or the load connected to the supply 
instead of to earth), the circuit could be inverted and an n-p-n type 
used; suitable types are the 2N930 and BC108. 


Stabilized Current Source 

Although temperature-stability is adequate, the output of the 
circuit of Fig. 6.2 is no more stable than the supply, + Vi. A-simple 
method to overcome this defect is shown in Fig. 6.4, where Re is 
replaced by Zener diode ZD;. To understand the action of this 
circuit, assume ZD, is a perfect Zener diode, that is it behaves like 
a zero resistance battery. Then the voltage across Ri is almost 
equal to the Zener voltage Vz, provided this is much larger than 
Vee, and so the load current will be Vz/Ri, which is independent 
of Vi. 

This will not be strictly true with an actual Zener diode having 
series resistance Rz, and in such a case the effect of changing Vj is 
easily seen if the Vi line is taken to be fixed while the ‘earth’ con- 
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nection moves by a fraction of Vi. Any change will appear at T: base 
reduced by the factor (Rs’ + Rz)/Rz and this will then change Jz and 
Iz as before. The improvement is given by comparing (R3 + Re)/Re 
with (Rs’ + Rz)/Rz, giving a stability against supply changes in the 
new circuit which is better by a ratio of 


(Rs’ + Rz)Re 
(Rs + Re)Rz 


over the original. 
A typical value of Rz for a small Zener diode of 12 V nominal Vz, 


+¥, (#20V) 


R, (12k) 


(212) 5 (2N404 etc) 
1 


Fic. 6.4 Stable current source 


run at 5 mA would be 20 Q and Rs’ would be 6/5 = 1-2 kQ. The 
improvement ratio is therefore 


(1200 + 20) 3300 
5500. 20. 


i.e. 36°6 to 1. A 10 per cent increase in Vi will now produce about 
3 wA change in load current instead of 100 pA. 

The circuit of Fig. 6.4 has another virtue: the effective value of Re 
is now a few tens of ohms instead of 3-3 kQ. This reduces the effects 
of base current variation because less voltage change results. 

These improvements are to some extent offset by the additional 
temperature drift caused by the Zener diode. Its temperature co- 
efficient is about +0-07 per cent per degree C, so a 10 degC rise 
gives 0-7 per cent rise in Vz and, hence, in load current. If necessary, 
this could be improved by adding one or two forward-biased diodes 
in series with ZD; and using a 10 or 11 V Zener diode. How- 
ever, although the temperature coefficient is improved, the absolute 


value of load current would be less certain. 
H 
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SUMMARY 


Design of these circuits is simple and operation satisfactory, provided 
that (Vi — Vp) is at least a few volts, R, at least a few kilohms, and 
base resistors low enough to avoid temperature drift. 

This is one of the most commonly used circuits, appearing in, for 
instance, time-base circuits, stabilizer circuits, and differential 
amplifier emitter circuits. 

Where much greater precision is required the circuits described in 
Circuit Consultant's Casebook (Chapter 16) (Business Books, 1970) 
offer possible solutions. 


7—Practical design of simple amplifiers 


This chapter combines the results of Chapters 2 and 4 to give 
practical design procedures for the most used amplifier circuits. 


EMITTER FOLLOWER 


This is the configuration of Fig. 7.1. To begin design, the first thing 
the designer needs to know is the peak output voltage Vous. This 
determines the peak output current four = Vous/Rz, and Re must be 
designed to ensure that this current can be supplied by the circuit. 
It also determines the minimum value for Vn, which must exceed 
Vout by at least 1 V to prevent saturation on negative signal peaks. 


Fic. 7.1 Practical emitter follower 


When the output reaches Vous, current fous is flowing through 
Cz into the load and the transistor emitter current is given by 
(Vp —Vin)/Re — fout, i.e., the difference between the current passing 
through R, at that instant and fous. It is essential to the circuit action 
that this nett emitter current be greater than the useful minimum for 
the transistor. If Vp > Vin the condition can be restated: the quiescent 
emitter current must exceed the peak load current. The excess must 
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be sufficient to allow for all tolerances, so that even in the worst case 
the transistor cannot approach cut-off. 

When Vy is comparable with Vin, the above statement is insufficient 
and can be modified to (i), the current in Re at the positive peak of 
Vout must exceed peak load current; or (ii), the quiescent emitter current 
must exceed peak load current where Re is to be considered to be part 


of the load. 
\ Yp 
Vn -T— Vn = 
Yout You 
(a) ) . 


Fic. 7.2 Insufficient standing current: (a) p-n-p, (b) n-p-n (resistive load) 


Failure to meet this condition results in distortion and low output, 
as shown in Fig. 7.2. 

Having determined the operating current, the circuit values and 
resulting performance may be calculated (Chapters 2 and 4). It may 


Fic. 7.3. Directly coupled emitter followers 


be that the input impedance Rp//8(Rz + 1/gm) is too low for the 
application and a second emitter follower may be added (Fig. 7.3). 
This may usually be operated at lower current, since it does not have 
to supply Jou, and this results in a larger Rp and higher input 
impedance. 

Provided the extra Vep voltage drop is unimportant, it may be 
directly coupled as shown. It is common practice to omit Re1 so that 
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Tz base current is also T; emitter current. This is satisfactory only if 
this current is sufficient to operate T, and is in the right direction! 

If Tz is germanium, especially a power type, it is quite normal at 
high temperatures for the base current to flow inwards for a p-n-p 
transistor. This is also quite possible with silicon transistors of very 
high 8 when operated at rather low emitter current. The omission of 
Re: would in these cases cause T; to cut-off and the only safe pro- 
cedure is to design Re: to pass, when Vip is at its positive peak, at 
least Iovo2 plus a reasonable minimum current for Ti emitter. 

A similar criterion naturally holds for a pair of n-p-n transistors; 
a comparable situation arises when complementary types are 
used in the same cascaded system (Fig. 7.4). In this case the base 


“hh 


Fic. 7.4 Complementary emitter followers 


current of Tz when in its ‘normal’ direction, i.e. outwards, 
reduces T; emitter current. Rei must therefore be designed so that 
(Va — Vin)/Rei — Ico/S2 is large enough for T; emitter current. The 
danger of T cut-off increases in this circuit at low temperatures when 
82 becomes low. 


Practical Example (Fig. 7.1 and 7.3) 

Assume Vp = +10, Vn = —10, Rr = 1kQ, Vin = 3 V, and input 
impedance is to be > 10 kQ. Then, peak output current if gain is 
unity = 3 mA. When Mn is at its positive peak, the voltage across 
Re is (7 — Veo), and at this instant the current in Re must exceed 
3 mA, e.g. 4 mA. Therefore, Re < 7/4 kQ < 1-75 kQ, e.g. 1-5 kQ. 
This gives a standing current of about 6-5 mA. A suitable transistor 
is chosen (e.g. 2N2906) with minimum 6 of, say, 50, so that stand- 
ing base current can be as large as 130 wA. If maximum tempera- 
ture is 50°C, Jeno may be 4 wA, and at this temperature for a high-8 
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sample J-/8 may be negligible. Maximum variation in J, is therefore 
from +130 to —4 pA, ie. 134 pA. 

About 1 V shift of base voltage from zero could be tolerated with- 
out reducing the current in R, below its critical value, so that 
Roymaz.) = (1/134) MQ = 7-5 kQ. 

This clearly gives too low input impedance from Ry alone, so an 
additional transistor of the same type will be added, as in Fig. 7.3. 

Rez is decided as before (though the extra V.» due to T; drops Rez 
current a little) and Rei must pass Jog plus enough current to operate 
Ti, e.g. 1/2 mA total, giving Ret < 20 kQ, e.g. 18 kQ. Ty base 
current is therefore at maximum 1/1 of (500 + 170) pA, i.e. about 
14 »A and at minimum is —4 pA, a variation of 18 pA. If T; base 
variation of 1 V is allowed, Rp < (1/18) MQ, e.g. 47 kQ. 


oo ae 
a ee a ie 


Fic. 7.5 Insufficient standing current: (a) p-n-p, (6) n-p-n (capacitive 
load) 


Input impedance can be calculated from the formula given earlier, 
but when working out an initial design it is a good idea to check 
roughly that the design is not grossly in error. The reasoning in this 
case would be: the total load on Tz emitter is Ree//Rz = 1 kQ// 
1-5 kQ = 660; the load on T; emitter is therefore 62(660) = 33 kQ, 
in parallel with Re = 18 kQ, giving about 11 kQ. The input 
impedance to T; base is Rp//(8i x 11 kQ) = 43 kQ which is well 
above the specified minimum of 10 kQ. 

The designer should now recalculate all currents, bearing in mind 
component and supply tolerances to confirm the soundness of the 
design. C; and Cz are finally calculated such that 1/C; < input 
impedance and 1/aCz < Rz at the lowest operating frequency. 

Special care must be taken when the load is a shunt capacitance 
to earth, since the value of /oue then depends on dVou:/dt, not simply 
on Vour. When the waveform is a pulse, the rate of rise or fall (de- 
pending on whether the transistor is p-n—p or n-p-n) determines 
Jou, Which is C(dV/dt). If the standing current is inadequate, the 
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transistor cuts off and C charges from R, until Vout is reached, giving 
a slow transition. On the opposite edge of the pulse the transistor 
merely takes extra current and reproduces the input correctly, pro- 
vided the resulting power dissipation during the transient is not 
destructive (Fig. 7.5). 


EARTHED EMITTER AMPLIFIER 


The bias arrangements here are similar and the criterion for minimum 
standing current still applies (Fig. 7.6). 


~\ 
Fic. 7.6 Earthed emitter amplifier 


Additional complications arise because T; must not be allowed 
to saturate when Voyt swings to its positive peak, so that the standing 
collector-base voltage must exceed Vous by at least 1 V. 

Re’ is now designed to give the required mid-frequency gain (where 
Cz. is assumed to have zero reactance), by using the simplified 
formula 

Vout aa Rel/Ri 

Vin Re + 1/gm 
Note that when R,’ > 1/gm 

Vout _ Rel/Rt 

Vig! hs 
which is independent of the transistor, and the h.f. cut-off of the 
amplifier is approximately the fo of the transistor. If R-’ = 0, gain 


has a maximum value of gmRc//Rzx but its h.f. cut-off frequency is 
only fo/8. 


(Re > Re’) 
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C. must be chosen so that its reactance 1/wzC at the lowest signal 
frequency is low compared with Re’ + Re//(1/gm); when Re’ = 0, 
(1/orC) must be < R-//(1/gm), not simply < Re. At the frequency 
when 1/azC = Re’ + Re//(1/gm), the gain will be reduced by a factor 
of +/2, ie. 3 dB. 

Finally, C, and C2 are chosen so that (1/azCi) < Zn and 
(l/eorC2) < Ro + Ro. 

As in the emitter-follower circuit, it may be that Zin is too low, in 
which case an emitter follower may be added between Ry» and Ti 
base, observing the precautions previously mentioned (Fig. 7.7). 


Fic. 7.7. Amplifier with input and output buffer stages 


It often happens that Rr is variable (sometimes to infinity) and yet 
Vout/ Vin is to be constant. In this case Rz must be isolated from the 
collector circuit and an emitter follower may again be used; it can 
usually be directly coupled to the collector as shown in Fig. 7.7. It is 
now Ts which requires a standing current capable of supplying the 
load peak current, and Tz current will normally be decided by Re. 
The loading of Ts (including Rz) on Tz collector is approximately 
Bs(Res//Rz + 1/gms) and since the idea is to avoid changes in Tz 
gain when R; varies, Rc is chosen so that Re < B3(Res//Rz + 1/gms). 
Tz current may now be designed as if the only load were Rc. As in 
previous circuits, any or all of the transistors may be n-p-n or p-n-p. 


Practical Example 
An amplifier is required to have a gain of 10, frequency response 
of 50 Hz to 50 kHz (—3-dB frequencies), load of 1:5 kQ, Vout of 
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3 V, input impedance of > 10 kQ. Removal of the load must cause 
< 10 per cent rise in output. Supply lines +15 V. 

The load conditions immediately dictate the use of buffering (or 
an amplifier with overall negative feedback, see Chapter 8); the need 
for an input emitter follower is not yet known. 

Referring to Fig. 7.8, Tz collector potential must be known before 
Ts emitter current can be determined. If loading on Tez collector 
(other than Rc) is to be negligible, the standing requirement for Tz 
is that Tz collector potential must stand at least 3 V positive from 
—Vpn (i.e. > —12 V) and at least 4 V negative from Tz base (i.e. 
—4). A tentative value could therefore be —8 V. 


Vp tHI5V) 


Vout (3V peak) 


Vp -15V) 
Fic. 7.8 Practical amplifier (see text) 


The voltage at Ts base at + Vous is therefore —5 V and the emitter 
(if a germanium type is used) is about —4-3 V. At this level the current 
in Reg must exceed Vous/1-5 kQ = 2 mA. The voltage across Res is 
19-3 V and a value of 5-6 kQ gives 3-4 mA nominal. This is likely to 
exceed the necessary 2 mA for all normal tolerances, but this must 
be checked finally. Standing current is 22-3/5-6 = 4 mA. Total load 
on Rg emitter is now 5-6//1-5 = 1-2 kQ, which itself represents 
a load on Rg collector of $3(1-2 kQ + 1/gm) % 60 kQ if Bscmen) 
is 50. When this loading is removed, the output from Ts (and there- 
fore Tz) must change by less than 10 per cent, so that Re < 6kQ. 
This makes no allowance for loss in T3, the gain of which is 
1-2 kQ/[1-2 kQ + 1/gms] and an Re = 2:7 kQ is proposed. 

This fixes Tz collector current at (15 — 8)/2:7 = 2-6 mA, giving 
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Rea © 14:3/2-6 = 5-6 kQ. For a gain of 10, Re’ + 1/gm = 2:7 kQ/10 
= 270 Q. Now, 1/gm ~ 20 at 2:6 mA (to be confirmed for the chosen 
transistor), so that R,’ ~ 250 Q, e.g. 220 Q. 

Now, maximum value of Tz base current = 26/50 (assuming 
Bumin., = 50) = 52 pA; at high temperatures and with high 6, Zcpo 
may predominate and give Tz base current = 4 »A inwards, giving 
total J, variation of 56 A. If Tz base is allowed to vary 1 V due to 
To, Ry must be < (1/56) MQ, e.g. 15 kQ. 

Input impedance ¥ 15 kQ//B1Re’ = 15 kQ//50 x 250 = 68 kQ, 
which is too low. 

An extra transistor (as T; in Fig. 7.7) is therefore required and its 
emitter current must be > Joo2, e.g. 0-5 mA, giving Rei = 33 kQ. 
Ti base current has a maximum value of (Vp/Re + Iv2)/®min. = 
10 pA and may be reversed and equal to J¢po2 at the other extreme, 
ie. 4 uA. Total variation is 14 pA, so Rz < (1/14) MQ = 70 kQ, 
e.g. 56 kQ. 

The load on Tz emitter is 33 kQ//[50 x (220 + 1/gm)] ~ 9 kQ so 
that the input resistance to T; base is 56 kQ//[50 x 9] kQ » 50kQ. 

C is now designed to give 1/(#,Ci) < 50 kQ, i.e. 

Ci > 103/(2750 x 50) ~ 0-06 p, e.g. 2 uF. 

Similarly, Cz > 108/(2x50 x 1:5) = 2-2 pF, eg. 50 pF and 
Ce > 1/(2x50 x 260) = 12 wF, e.g. 250 uF. If the response is to fall 
by 3 dB at 50 Hz (rather than be level to well below this frequency 
as designed here), then one of these equations should become an 
equality, e.g. let C: = 0-06 pF. 

Since Re’ % S(1/gm), frequency response for Tz stage is given 
(see Appendix 3) by 

ie. Re + 1/gmo' es cya 
fra» = Bo ( 1/gmo ) ® fo 5 Br 
The transistor type must therefore have an fo of about 400 kHz to 
give an upper h.f. 3-dB point of 50 kHz. Further reduction in h.f. 
response is caused by collector capacitance of Tz and Ts in parallel 
with Re effectively reducing Re and, hence, the gain at h.f. If this 
effect causes the gain to be 3 dB down at 50 kHz, then 


1 
2750 x 10° x 2-7 x 108 


In practice the transistor capacitances would be much less (e.g. 6 pF 
each) so this effect may be ignored. 


(Coz + Cos) = 


1200 pF 
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At this point the transistors may be specified as Bmin. = 50, 
Teo < 4 pA at maximum junction temperature, collector voltage 
ratings > 15 V, power ratings > 50 mW, fo > 400 kHz. The 
2N3703 is suitable, as are many other small-signal transistors. The 
use of very-high-gain n-p-n planar silicon types (e.g. 2N930) would 
have greatly simplified design and led to the omission of Ti, but it is 
more instructive to overcome the difficulties of low gain and high 
Tevo- 


USING POWER TRANSISTORS 


The design of linear higher-power amplifiers follows the principles 
just described, but transistor power dissipation is usually more 
significant. The instantaneous power dissipated in a transistor is the 
product of collector voltage and collector current plus the product 
of base-emitter voltage and base current, the latter product usually 
being negligible. This causes temperature rise in the junction which 
is dissipated by conduction to the transistor case and from there to 
the surrounding air via a heat-sink if fitted. 

The thermal time lag between heat at the junction reaching the 
case depends on the construction of the transistor, but is usually of 
the order of 20 msec. The designer must therefore ensure that the 
average dissipation over a time of 20 msec is within the transistor 
rating. Within this limit, peak dissipation may be several times the 
rating. For example, a transistor rated at 100 mW can safely dissipate 
1 W for 1 msec and then zero for 11 msec; it could not, however, 
dissipate 1 W for a month and then zero for a year, as destruction 
would have occurred within the first 20 msec. 

Use of a heat-sink can increase greatly the mean power rating, and 
manufacturers usually quote the junction to case thermal resistance 
0x7 in degC/W and also the maximum permissible junction tempera- 
ture Tjmaz.). If the case is assumed to be mounted on a perfect (i.e. 
infinite mass) heat-sink, then for an ambient temperature Tamp., the 
maximum permissible dissipation Py is that which raises the junction 
temperature to Tjmaz.), i.e. PuOa = Tymax.. — Tamo.. 

If the heat-sink is not perfect, it has also a thermal resistance 
(heat-sink to ambient) of 8q; there is also an imperfect thermal 
connection between transistor and heat-sink represented by 0;. In 
this case 

Py(Om + 9% + 87) = Tiemaz.) — Tamo. 
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Some data sheets omit 0), and give instead a graph of permissible 
dissipation versus ambient temperature in free air (i.e. without heat- 
sink) and with infinite heat-sink. 

The only special precautions to be observed in these calculations 
are the duration of any peaks of high power and the use of worst case 
figures for thermal resistance (i.e. highest values of 0x7). 


8—Negative feedback 


Complete understanding of negative feedback systems is difficult, 
but Bode and Nyquist (p. 292) have succeeded in explaining feedback 
behaviour in practical terms by interpretation of the results of 
analysis. 

In this chapter only the simpler consequences of the application 
of feedback will be dealt with in order to give a basic understanding 
of the problems involved. The methods discussed here for preventing 
instability in feedback amplifiers are easy to apply and usually ade- 
quate, but better overall performance can sometimes be obtained by 
using the more sophisticated techniques described by Bode and 
Nyquist. 


BENEFITS OF NEGATIVE FEEDBACK 


The reasons for using feedback are best illustrated by a simple 
example (Fig. 8.1), where an inverting amplifier of gain —A and 


Fic. 8.1 Simple feedback amplifier 


infinite input impedance has added to it the input resistor Ri and the 
feedback resistor Re. It is shown in Appendix 4 that the gain vout/vin 
is given by —Ro/R: if A is very large. 

This result can be obtained without complete analysis by the 
following argument. Suppose that an input is present and that the 
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resulting output is within the linear range of the amplifier. Under 
these conditions the input voltage of the amplifier itself, v1, must 
equal —vou/A, and if A is very large the implication is that v: is 
very small. 

If vi is much smaller than vn, then the input signal current iin is 
vin/Ri; since Zin for the amplifier is infinite, all of this current must 
flow into Re, giving a voltage —vj»R2/Ri across Re. As v1 is very 
small, the voltage across Re is equal to vow. Therefore vous = 
—vinRo/Ri. 

This result implies that variations in A have no effect on the 
overall gain provided A is always sufficiently large, so negative feed- 
back enables an amplifier of accurately known gain to be obtained 
from an amplifier of high but badly defined gain. Since accurate gain 
is essential in most designs, the use of feedback is very common. 

As calculated in Appendix 4, feedback in the form shown has 
other advantages also: the input impedance is known to be Rj; the 
output impedance is reduced; the bandwidth is increased. Feedback 
does not improve signal/noise performance, nor does it reduce zero 
drift in a d.c. amplifier. 


LOOP GAIN 


The gain required in a negative feedback amplifier to obtain a good 
approximation to the above results is given in Appendix 4 as a 
mathematical expression 


Now, if the feedback loop is broken at any point and a signal in- 
jected towards the amplifier input terminal with vm earthed, an 
amplified version of this signal appears at the other side of the break. 
The gain between these two points is given by 


eo AR 
Ri + Re 


and the magnitude of this is known as the ‘loop gain’. If, for example, 
the loop is broken at X, and signal e is applied to Re at X, with vin 
earthed, v1 is given by eRi/(Ri + Re) and vous is — AeRi/(Ri + Re), 
which appears at X. Loop gain is therefore ARi/(Ri + Re), as stated 
above. A similar result is given by breaking the loop at Y or Z or in 
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the middle of the amplifier circuit; in fact, anywhere in the loop, but 
not for instance in Ri, which is outside the loop. 

Note that it is the Joop gain which must greatly exceed unity. This 
applies to all negative feedback systems regardless of circuit details; 
the loop is opened as described above and the gain round the loop 
must be large. If this condition is not obeyed, the advantages of 
feedback are reduced, and the inverse of loop gain is the fraction by 
which performance departs from the ideal. 

Thus, in the present example a loop gain of 10 means that the 
overall gain vout/vin will be —Re/Ri(1 + 5) instead of — Re/Ri. If 
tolerance in A is such that loop gain varies from 10 to 20, overall 
gain will vary from —Ro/Ri(1 + 35) to —Re/Ri(l + #5). To be 
certain of obtaining an overall gain which is constant to within 5 per 
cent, the loop gain must therefore be at least 20 so that A will be 
20 times bigger than in a non-feedback circuit of similar overall 
gain. 

It can be seen from Appendix 4 that the loop gain appears in all 
the important expressions: input impedance, output impedance, 
bandwidth, and gain. 


VIRTUAL EARTH 


This term is applied to a point such as v; in Fig. 8.1, where, although 
it is a vital part of the signal circuit, the voltage amplitude present is 
very much less than signal voltages in the rest of the circuit. For 
calculating signal currents it can be regarded as being at zero potential 
or virtually earthed, and the error which results is negligible (e.g. 
iin = (Vin — 01)Ri © vin/Ri, since vi ~ 0). 


Effect of Amplifier Input Impedance 

It is shown in Appendix 4 that the presence of a resistance R from 
v, to earth changes circuit performance but not so much as in a 
non-feedback circuit with Re open-circuit. 

This is obvious if the feedback system is understood, because v; 
is known to be much less than vin. Any resistance R to earth causes 
a current of only v1/R to flow, which is much less than if the same 
resistor were placed across vin. Therefore a small fraction of the 
signal current ijn flows into R and the rest flows through Re to vout. 
Gain is therefore virtually unchanged. 

The above argument is plausible but can lead to wrong conclusions 
if the significance of R is not appreciated. If for example R = Ri, 
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then overall gain is hardly affected but the Joop gain has been reduced 
(to half its former value if Re > Ri). This means that definition of 
overall gain, bandwidth improvement, etc. are worse by the ratio by 
which the loop gain has fallen. The loop gain can always be worked 
out as before by breaking the loop at X, Y, or Z. 


PROBLEMS IN NEGATIVE FEEDBACK LOOPS 
Desirable as negative feedback is, there is always a practical limit to 
the amount of loop gain which may be applied. This is due to in- 
evitable phase shifts within the loop which at some frequency, either 
the 1.f. or h.f. end of the band or both, add up to an extra 180 degrees. 
Feedback at this frequency is therefore positive and if the loop gain 
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Fic. 8.2 Low-frequency time constants: (a) coupling, (6) decoupling 


(which always falls as the phase angle increases) is still unity or more, 
oscillation results at that frequency. If the gain is close to but less 
than unity, the system is stable, but application of a step input causes 
a burst of sine waves at the critical frequency which die away 
exponentially in the same way as in a damped resonant circuit. This 
effect is known as ‘ringing’. A sine-wave input test over the frequency 
spectrum will show a peak in the gain at the critical frequency. 
These forms of complete or partial instability are caused at the 
lf. end of the amplifier response band by the same components 
which cause the gain to fall. If no coupling or decoupling capacitors, 
transformers, or chokes are used and the response is constant to 
zero frequency, as in directly coupled amplifiers, no instability can 
result in this region, since 180 degrees phase reversal is impossible. 
In fact the presence of one simple CR network in the whole amplifier 
in the typical circuits of Fig. 8.2 is also guaranteed to be ‘safe’ as the 
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maximum phase shift obtainable from such a network is 90 degrees. 
In theory two networks cannot produce 180 degrees phase shift but 
even though oscillation is impossible, ringing is likely if the angle 
exceeds 150 degrees with a loop gain of unity. 

At the high-frequency end of the response band the components 
which cause the fall in gain and the accompanying phase shift are 
much more numerous. Transistor «, which falls in accordance with 
the equation 


ae eee 
1 + jflfo 


behaves like a CR network. Collector capacitance acts in the same 
way in conjunction with the collector load in an earthed emitter 
stage. Wiring strays and lead inductance complicate the issue still 
more. 

For this reason overall feedback is rarely used in applications 
where the limits of frequency response for the transistors are being 
approached: there are so many elements contributing phase shift 
that after taking measures to prevent oscillation the response is 
greatly reduced. The designer thus generally tolerates relatively 
badly defined gain in the interest of simplicity and higher frequency 
response. 

A situation which is identical from the point of view of feedback 
theory exists in many low-frequency amplifiers, such as chopper 
amplifiers or voltage stabilizers, where the response falls as the fre- 
quency increases, because of networks deliberately added. This is 
still a phase shift and gain drop at h.f. in that the phase lags increase 
and gain falls as frequency rises. In these cases the number and 
magnitude of such phase-shift networks is known, and the transistor 
effects and stray effects may be ignored if their effective time con- 
stants are very much smaller than those of the networks. As before, 
such a loop containing one simple CR network is free from oscillation, 
but two or more can ring or oscillate and the loop response must be 
examined. 


Preventing L.F. Instability 
The first step when designing the circuit detail of a feedback 
amplifier is to avoid all unnecessary 1.f. coupling or decoupling cir- 
cuits, which usually means avoiding capacitors, transformers and 
chokes. Direct coupling should be used where possible, and the aim 
I 
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is to reduce the number of phase-shift-producing networks. Making 
capacitor values so large that phase shift is negligible within the 
signal band does not help, since there is always some frequency, 
however low, where phase shift is appreciable. (It is little consolation 
that the resulting oscillations are lower in frequency than the input 
signal band!) 

If the number of phase shift networks at low frequency, more 


+ 10V. 


Fic. 8.3 Feedback amplifiers: (a) stable, (6) unstable 
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conveniently referred to as ‘I.f. time constants’, can be reduced to 
one, any amount of feedback may be applied and no Lf. oscillation 
can occur. 

An example is given in Fig. 8.3 (a) and (6), where performance 
without feedback of the two amplifiers is identical over the audio 
band, provided that C, Ci, C2, and C3, are large enough, Re > Rs, 
and operating currents and voltages are correctly designed. 

When feedback is added as shown, the circuit of Fig. 8.3 (6) is 
likely to oscillate, whereas Fig. 8.3 (a) is guaranteed to be free from 
Lf. oscillation. 
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Fic. 8.4 Single CR network 


If operating levels cannot be adjusted to allow direct coupling and 
two or more a.c. couplings have to be used, the important parameters 
are the ratios between the various time constants involved, as 
explained below. 


Effect of several time constants 

The normalized gain and phase response plots for a single CR 
network are given in Fig. 8.4 (a) and (6), where the frequency 
scale is logarithmic and expressed in multiples of 1/CR. The gain 
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of the network is plotted on a logarithmic scale in the form 
G = 20 logio (Vout/Vin), commonly called decibels (dB or db). (The 
use of the term ‘decibels’ is strictly incorrect, since it should be used 
for voltage ratios only if the impedances associated with the voltages 
are identical. However, the use of decibels for any voltage ratio is 
almost universal.) 

The curve is obtained by calculating 


joCR 
VoutlVin = TT FeCR 
so that oCR 
|Vout/ Vin| a 


Va + oR) 


and the phase angle 0 = tan~1(1/wCR). At very low frequencies, 
|Vout/Vin| > CR, so that the plot of 20 logio Vour/Vin against log 
is linear and has a slope of 6 dB per octave, meaning that a factor 
of 2 fall in frequency produces a factor of 2 fall in gain. At high 
frequencies |Vout/Vin| > 1, which has been called 0 dB; and at oCR 
= 1, |Vout/Vin| = 1/+/2, which corresponds to —3 dB. This frequency 
is commonly known as the break-frequency, cut-off frequency, or 
3 dB frequency of the network. The phase angle 0 approaches 90 
degrees at very low frequencies, is 45 degrees when wCR = 1, and 
is 0 degrees at high frequencies. 

The advantage of plotting the curves in this manner is that the 
effect of two or more networks on the loop gain and phase may be 
found merely by plotting the curves for each one separately and then 
adding the ordinates. The individual plots are easy to draw, since 
they are all identical in shape and are displaced along the frequency 
axis according to the ratios of the time constants. 

Returning to the circuit of Fig. 8.3 (6), there are three networks 
causing lf. phase shift, and it will be assumed that Cy(Rs//Re) is 
3 msec, Co(Rs + Re) is 1 msec, Ca(Rin e//Rs) is 5 msec, and Re > 
Rs, Re > Rs, Ra > Rin ec. The plot corresponding to the 5 msec time 
constant is shown in curves (1) and (2) in Fig. 8.5: the gain is 3 dB 
down at o = 1/(5 x 10-8) with © = 45 degrees, and curves (1) and 
(2) are identical with the curves in Fig. 8.4. 

The second largest time constant (3 msec) produces similar- 
shaped curves, but the 3 dB frequency (and the entire frequency scale) 
will be shifted in the ratio 5/3, as shown in curves (3) and (4), Fig. 8.5. 

The last time constant of 1 msec is shifted in frequency by a 
factor of 5 from the first (curves (5) and (6)). 
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The combined effect of all three is shown in curves (7) and (8), 
which are obtained by direct addition of curves (1), (3), (5), and (2), 
(4) (©, respectively. 
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Fic. 8.5 Low-frequency response for unstable feedback 
amplifier (Fig. 8.35) 


Note that at point P the phase angle has reached 180 degrees and 
continues to rise as the frequency falls, finally approaching 270 
degrees at an infinitely low frequency (90 degrees for each network). 
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At P the frequency is given by » = 1/(5 x 10-8)* and the gain is 
—22 dB compared with its medium-frequency value, where the 
networks have little effect. 

If the loop gain at medium frequencies exceeds +22 dB, which is 
a factor of 12-6, the circuit will oscillate at » = 1/(5 x 10-%), i.e. 
at 31-8 Hz. 

This implies that if feedback were applied with a loop gain of just 
less than 12-6, the circuit would be on the verge of oscillation. In a 
practical design, with typical circuit tolerances the variation in loop 
gain is considerable: the variable gain of the circuits is indeed one 
reason for applying feedback. The designer must be certain that even 
under maximum gain conditions the loop gain is less than 12-6. Even 
this is insufficient, because a condition near to oscillation produces 
‘ringing’ and response peaks as already mentioned, and a ‘phase 
margin’ of 30 degrees and ‘gain margin’ of 6 dB (factor of 2) are 
necessary to avoid these effects. Phase margin is defined as the near- 
ness to 180 degrees when loop gain has fallen to unity; gain margin 
is the amount by which the loop gain falls short of unity when the 
phase angle has reached 180 degrees. In our example, inspection of 
the curves at 0 = 180 degrees gives a loop gain of —22 dB, so if the 
loop gain at normal frequencies is +22 dB, the gain and phase 
margin are zero at 31-8 Hzand the design would be unsatisfactory. 

If the gain margin is made 6 dB, then the loop gain is +16 dB. 
The phase margin for this condition is obtained from the phase 
angle when loop gain is —16 dB, namely 163 degrees, so that the 
phase margin is 17 degrees, which is insufficient. In this example it 
so happens that phase margin is the more critical condition. To 
determine the maximum safe loop gain the figure for 150 degrees 
margin is found, namely — 14 dB, so that a loop gain of 14 dB (factor 
of 5) satisfies both criteria. 


Improving stability 

With the time constant values in this example, the amount of loop 
gain which may be used is very small. Faced with this situation and 
a requirement that the loop gain is to be at least, for example, 10 
(i.e. 20 dB) in a particular application, there are three courses open 
to the designer. The first is to reduce the number of time constants, 
as already stated; a momentary glance at the curves shows the value 
of removing the second (3 msec) time constant. The second is to alter 


* It is pure coincidence that this corresponds to the largest time constant. 
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the relative magnitudes of the time constants, the effect of which is 
to be described. The third is to add networks which favourably 
change the phase response of the system. 

Assuming that the first method can be pursued no further, the 
second should be adopted; in all but the most critical applications 
this will succeed. Suppose that the smallest time constant is made 
10 times smaller, i.e. 0-1 msec. The new plots of gain and phase are 
given in Fig. 8.6 (a), and the summed curves are labelled (7) and (8). 
This time the value of w at 180 degrees is 2-6/10-® and the gain is 
—38 dB, so that in the limit +38 dB loop gain could be applied. For 
a gain margin of 6 dB, +32 dB is permissible, but the corresponding 
phase margin is then only 25 degrees. Again, the phase margin 
criterion is the more critical, and for 30 degrees margin (150 degrees 
phase angle) the gain is — 30 dB. The safe limit for loop gain is there- 
fore +30 dB (a factor of 31:6) and the desired loop gain of 20 dB is 
quite safe. 

The reason for this great improvement in stability from a per- 
missible loop gain of 5 to 31:6 is obvious on examining the curves: 
the greater the ratio of the smallest two time constants, the lower has 
the gain fallen when the phase reaches 180 degrees. The absolute 
values of the time constants do not affect permissible loop gain but 
merely change the time-scale and the overall bandwidth of the feed- 
back system. 

The designer should therefore make the ratio of the two smallest 
1.f. time constants as large as possible. Having done this, a safe rule 
is that the loop gain may be as large as the ratio of the two smallest 
time constants. (For a more precise statement see Littauer, op. cit.) 

The validity of this rule can be checked in the two cases con- 
sidered. In the first the ratio in question was 3 and the permissible 
loop gain 5. In the second the ratio was 30 and the permissible loop 
gain 31-6. The rule is not empirical and has a sound mathematical 
basis, but the proof is involved and will not be attempted here. 

There is a certain disadvantage in the second method which is 
usually tolerable. If for any reason the smallest time constant cannot 
be less than 1 msec in the above example, and for good definition of 
gain a loop gain of 10 or more is required, then the second method 
demands the increase of the other two time constants to 10 msec or 
more. This is sometimes impossible, in which case the third method 
should be adopted, but only after the first and second have been 
carried as far as possible. 
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Phase angle (de: 
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Fic. 8.6 (@) Stabilized version of Fig. 8.5 (second method) 


The third method involves the addition of components to one or 
more of the phase-shifting networks and in its simplest form consists 
of a parallel CR combination in series with the capacitor of the main 
network (see Fig. 8.7). The effect of the extra components depends on 
the ratio of the two capacitors and of the two resistors; Figs. 8.9-8.19 
show the gain and phase response curves for several ratios. The 
curves show that although the phase plot can be changed dramatic- 
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Fia. 8.6 (6) Stabilized version of Fig. 8.5 (third method) 


ally to give a greatly undulating phase angle, the gain curve is 
changed much less. 

The use of these networks is best illustrated by its application to 
the original example with time constants of 5, 3, and 1 msec giving 
the curves of Fig. 8.5, where the maximum permissible loop gain is 
14dB (x5) for a phase margin of 30 degrees. If it is required to use a 
loop gain of +20 dB (x 10) it is evident that the dangerous region 
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from the point of view of loop oscillations begins when 0 ~ 150 
degrees, which corresponds roughly to w = 1/(3 x 10-8), and 
ends when the gain is —26 dB (w = 1/(6 x 10-%)), this being deduced 
from the required phase margin of 30 degrees and gain margin of 
6 dB. 

The next step is to examine the curves for modified networks as 
given in Figs. 8.9-8.19 and to choose one which, when used in place 
of one of the original time constants, will ensure stability. As men- 
tioned earlier, the phase plot tends to be changed much more than 
the gain, so initially, look for a phase characteristic with a dip to- 
wards zero extending from @ = 1/(3 x 10-8) tow = 1/(6 x 10-8). If 
the largest (5 msec) time constant is to be modified, then R/X = 1 


Cc Cc nc 
In 1 Out In 1 Out 
R mR 
R 
(a) (b) 


Fic. 8.7 Modifying networks (1.f.); (@) coupling network, (6) coupling 
network with correction added 


on the normalized curves corresponds to » = 1/(5 x 10-8), so that 
the phase dip must extend down to R/X = 0°8 (i.e. # = 1/(6 x 10-)) 
and up to R/X = 1-66 (i.e. o = 1/(3 x 10-%)). If the 3 msec time 
constant is to be modified, then R/X = 1 represents = 1/(3 x 10-%) 
and the phase dip must extend down to R/X = 0:5 and up to R/X 
= 1. Similarly, in the 1 msec case the phase dip must extend from 
R/X = 0:166 to R/X = 0:33. 

Which network to modify depends partly on convenience; some- 
times the required additional components would require to be very 
large accurate capacitors which are expensive or unavailable, and, 
on the other hand, it may be impossible to stabilize the system by 
operating on the network the designer would prefer to modify. In 
some designs more than one network may require to be changed. 

Having decided tentatively on which network to alter—for example, 
the 3 msec time constant—the designer picks out a selection of 
curves which have the desired shape of phase response. In our 
example, curves (5), (6), (9), (10), and (13) look promising and if 
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superimposed on Fig. 8.5 such that the R/X = 1 line coincides with 
«© = 1/(3 x 10-8) the phase angle is reduced in the critical region. 

Deciding which curve to use can be difficult: the general rule is 
that the less violent the change in phase, the better will be the overall 
1.f. response of the system. This rule must not, however, take prece- 
dence over the need for complete stability with all component toler- 
ances. In the present case the author’s choice was curve (5) (Fig. 
8.13), and this is shown in dotted lines in Fig. 8.5. The curves are 
now summed as before, remembering that the new curves completely 
replace curves (5) and (6). 

The resulting phase curve now reaches 180 degrees at 
® = 1:7/10-2 at which frequency the gain totals —29 dB, so that 
if the loop gain is +20,dB, there is a gain margin of 9 dB. When the 
gain is —20 dB the phase angle is 149 degrees, which gives a phase 
margin of 31 degrees. 

The use of this network requires the insertion, in series with C, 
in Fig. 8.3 (6), of the parallel combination of a capacitor Ci/+/10 
and a resistor (Ro//Rs). 

As indicated above, this is not necessarily the optimum network 
to use, but the gain and phase margins are not excessive. A safer 
network is curve (10) (Fig. 8.18), which gives very large margins but 
has a worse effect on the overall response. Again, it may be preferable 
to treat one of the other networks instead (e.g. curve (11) applied to 
the 5 msec. time constant). 


Overall response 

The totalled curves obtained after deciding the correcting networks 
now represent the open-loop response of the amplifier, and the over- 
all response with feedback may be calculated. In the example given, 
the gain curve (Fig. 8.6 (b)) shows a loss of 12 dB at w = 6/10-%. 
At this frequency the loop gain is (20 — 12), ie. 8 dB (ratio 
of 2:5) and this implies a 3 dB loss in overall gain (overall gain 
= G/[l + (1/2:5)] = 0-7G = G — 3 dB). 

Had the network modification been unnecessary, the 3dB fre- 
quency for the overall system with 20 dB loop gain would have been 
o = 4/10-, 


Preventing High-frequency Instability 
h.f. instability is caused and cured in the same way as L.f. instability. 
It is, however, much more difficult to deal with in practical transistor 
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circuits. The number of h.f. time constants is often outside the 
designer’s control; there is no equivalent to the use of direct coupling 
which removes I.f. time constants. The time constants are often un- 
predictable; transistor current gain cut-off frequency often has a 
spread of 3 or 4 to 1. The time constants often interact and cannot 
then be considered separately. 

Overall feedback is consequently rarely applied to amplifiers in- 
tended to work near the transistor frequency limit. The problem 
more usually facing the designer is how best to restrict the band- 
width in, say, an audio amplifier so that it does not oscillate in the 
megahertz region. 


c/n 
c R c R 
R/m 
' i 
(a) (6) 


Fic. 8.8 Modifying networks (h.f.): (a) collector load, (6) collector load 
with correction added 


The simplest solution is to follow ‘method 2’ and add just one h.f. 
time constant which is larger than any other in the circuit by a factor 
at least equal to the mid-frequency loop gain. The best solution is 
obtained if the time constant known to be the largest is further 
increased. 

As indicated earlier in the chapter, similar h.f. problems can occur 
in servo systems, low-frequency amplifiers, or control loops where 
smoothing circuits, inductance of motors, and other predictable 
components produce a fall in gain and a phase lag as frequency rises. 
In such applications all of the procedures used for Lf. instability can 
be adopted. 

There are some practical differences in their application. For 
instance, in the second method the important ratio is now between 
the /argest and next largest time constant. The normalized curves are 
plotted in the opposite direction (which is made clear in Fig. 8.4) 
and the correction networks are the ‘dual’ equivalents of the Lf. 
circuits (Fig. 8.8). 
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Other Causes of Instability 

It is an all too frequent occurrence that, having carefully designed 
a feedback loop to be free from instability, the designer finds that in 
practice the circuit oscillates. 

Assuming that no gross error has been made either in estimating 
the time constants or in drawing and adding the curves, there are two 
common reasons for oscillation. The most usual is that the power 
supply rails and many other connections which are assumed to be 
zero impedance in most design calculations often have considerable 
impedance at both very high and very low frequencies. These intro- 
duce either extra feedback paths or add more time constants to the 
system. Much trouble can be avoided by the methods described in 
Chapter 16, and where the supply lines are suspected of introducing 
feedback the addition of extra capacitance between the lines will 
prove the point by changing the oscillation frequency. If this proves 
to be the case, then isolation between stages must be provided, 
preferably by means of a simple Zener diode stabilizer (Chapter 1) 
to supply the lower-powered stage. 

The second common cause of oscillation is an unsuspected feed- 
back loop coupled through stray capacitances. These can occur in 
wiring looms where high- and low-level signals may be carried on 
closely coupled wires and by mutual inductance between chokes or 
transformers. The effects can be reduced by improving cable routing 
and by mounting transformer and choke cores at right-angles. 

If there is doubt as to whether the negative feedback loop is the 
cause of oscillation, reduce the gain of the negative feedback loop; 
if the loop is causing the trouble, any 1.f. oscillation will become lower 
in frequency and h.f. oscillation will become higher in frequency, 
and the violence of oscillation will decrease; if the loop is not re- 
sponsible, oscillations will usually increase and will tend to move 
further in frequency from the bandwidth limits of the amplifier. 


SUMMARY 

The benefits of negative feedback should be already well known to 
the student and most of this chapter has therefore been devoted to 
the methods of preventing instability. The use of separate gain phase 
plots rather than the composite gain-phase Nyquist diagram has the 
advantage that the influence of each network can be clearly seen. 
Corrective measures can then be taken as described and, finally, a 
Nyquist plot made if considered desirable. 
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Fic. 8.11 Network 3 
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9—d.c. Amplifiers 


Engineering philosophers have spent many hours discussing the 
abbreviation ‘d.c.’, originally intended to mean direct current as 
opposed to alternating current. Among engineers it tends to be used 
as an adjective, leading, for instance, to ‘d.c. voltage’ which to an 
engineer means a zero-frequency signal. 

When applied to an amplifier the term ‘d.c.’ could be taken to 
mean ‘directly coupled’ (i.e. no capacitor or transformer couplings) 
or ‘direct current’ (i.e. 1 A input gives several milliamps output). 

In the present context it is intended to mean an amplifier which 
operates as a voltage amplifier down to infinitely low frequencies: 
it is not necessarily direct-coupled nor does it necessarily amplify 
the input current. 


DIRECT-COUPLED AMPLIFIERS 


The simplest approach to d.c. amplifiers is to use the same circuit 
configurations as in Chapter 7. The practical difficulties involved are 
different in character, because changes of operating levels in the 
transistors caused by ambient temperature variations affect the out- 
put in the same way as if the signal were changing. Correct design of 
operating levels is therefore even more important. 
For example, a simple earthed emitter amplifier has a gain of 
Ri 
I/gm + Re + Ri/B 

and for maximum a.c. amplification R, is by-passed, giving a gain of 
&mRz for a zero resistance source. For d.c. amplification the by-pass 
capacitor must be replaced by a resistor or Zener diode or some other 
element which operates down to zero frequency, while at the same 
time the operating current must remain correct. 
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The base operating potential will be determined by the input signal, 
and the collector voltage, although it represents in amplified form 
the input signal, has a standing voltage level which may be un- 
desirable. 

Suppose, for example, that a signal of 0 to —50 mV from a source 
resistance of 100 Q is to be amplified by 10, and the output level is 
to be 0 to +500 mV into a 1 kQ load. 

The direct attempt shown in Fig. 9.1 fails in at least two respects. 
First, the collector voltage has to be negative by 0:5 V or more for 
correct transistor operating, yet this is also the load voltage, which 
has to be 0 to +500 mV. 


Fic. 9.1 Simple direct-coupled amplifier 


Secondly, the voltage gain has to be 10, so that even if Rr were 
infinite, Re + 1/gm + Rs/® would have to total 100 Q since the 
gain is 

Rx//1000 
Re + I/gm + Rs/B 


This implies Re of about 30 Q and 1/gm of the same order, which 
requires J, of 2mA and a positive supply of Vp = (Ven + 60 mV). 

This leads to very poor temperature-stability and great variation 
if the transistor is changed for another of the same type; in fact, on 
Vep-tolerance alone, some transistors would conduct heavily and 
others cut-off. There remains also the problem of collector voltage. 

The above disastrous example illustrates that when d.c. gain is 
achieved, stability of levels is much more difficult to maintain; this 
is only to be expected, since the main technique for good stability is 
low d.c. gain. 
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Persevering with the simple circuit of Fig. 9.1, some of the snags 
can be overcome. The supply voltage requirement of (Vep + 60 mV) 
for Vp can be obtained as shown in Fig. 9.2 from a more readily 
available supply line; provision can be made for adjustment for 
different Ve», which could vary from 0:4 to over 1 V for a silicon 
transistor, and a change of level can be added in the load circuit 
(Vz). 

The use of setting-up potentiometer (RVi) is often required in d.c. 
amplifiers, because even when temperature stability is good, some 
means have to be provided to offset resistor and Vey tolerances. In 
Fig. 9.2 RV3 is adjusted so that with zero input voltage Vout is zero. 
The voltage gain cannot be predicted accurately, as the setting of 


+20V 


=20V 


Fic. 9.2 Practical form of simple direct-coupled amplifier (Fig. 9.1) 


Ry directly affects the gain and 1/gm is also subject to wide variation. 
The first problem could be overcome by making RV: much lower 
in value (e.g. 10 Q), but the standing current through it (= 100 mA) 
then represents a considerable drain on the supply. 

Temperature-stability is poor, since a 10 degC rise causes Vz» to 
change 20-25 mV, having the same effect on the output as an input 
signal change of the same amount. 

By modifying the circuit as shown in Fig. 9.3, the above diffi- 
culties are relieved, with the exception of gain variation due to 
1/gm-tolerance, which is unchanged. 

In this emitter-coupled pair the emitter circuit of the second 
transistor acts as the emitter load of the first and the setting-up 
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control has much less influence on the gain, since its apparent value 
in the emitter circuit is reduced by a factor 8. Temperature changes 
tend to cause equal V2» variation in T; and Ts, and if these match 
exactly the output change is only 3Ve(Rz/Re) rather than 
3Vev(gmRr/2). 

The signal behaviour of this circuit is identical to the a.c. perform- 
ance of the emitter-coupled pair when the free base is decoupled, 
and is dealt with in Chapter 4. 


Drift in d.c. Amplifiers p y 
d.c. amplifiers suffer from two main defects, ‘zero drift? and ‘gain 
drift’. 


Fic. 9.3. Improved version of Fig. 9.2 


Zero drift 

Ideally, when the input signal is zero the output should remain 
constant (not necessarily at zero), but in practice temperature and 
voltage supply variations cause the output to drift. 

The importance of this drift depends on how much signal change 
would have been required to produce the same effect at the output. 
It is customary therefore to quote the zero drift of a d.c. amplifier in 
terms of the equivalent input signal, and this is known as ‘referring 
the drift to the input’. 


Gain drift 

When the input changes, the output changes by a larger amount 
such that Vou = GVin. ‘Gain drift’ refers to the change in G due to 
temperature, supply variation, and ageing effects. 
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This effect is usually not so important as zero drift, since change of 
G always represents the same percentage error in signal. Zero drift 
is independent of signal and therefore represents an infinite percent- 
age error if this signal is infinitely small. 


Calculation of drift 

Unless the amplifier is kept in a constant-temperature enclosure, 
the drift contributions to be considered are power supply and tem- 
perature variations, ageing effects normally being negligible. When 
an enclosure is used, ageing may become noticeable. 

The various transistor parameter variations must be considered 
as in Chapter 2; usually only the first stage of an amplifier need be 
examined when calculating zero drift, since any subsequent varia- 
tions are less significant by a factor which is the gain from the input 
to that point in the circuit. 

The procedure is quite straightforward and for the circuit of 
Fig. 9.3 is as follows. T; and Tz are assumed to be low-power 
silicon transistors, with ® variation at 25°C from 25 to 100, and 
evo at 50°C of 3 pA. 

Input base current at 25°C can vary from (J;/100) — Icpo to (Io/25) 
— Teno, i.e. from 20 to 80 uA — Teno if RV1 is set to give about 2 mA 
in T; and Tp. At this temperature J,5 may be 0:5 pA, giving a range 
of Jy from 19-5 to 79-5 uA. 

At 50°C, for example, f variation will be from 150 to 37-5, assum- 
ing 2 per cent per degree C rise, and J-yo may be 3 pA, giving a range 
of Jy from 10-5 to 50 pA. 

Possible base current limits are therefore 10:5 to 79:5 pA, but 
this represents initial transistor 8 tolerances as well as temperature 
effects and indicates the voltage adjustment required from RV 
because of 6 and Joo. 

For a given circuit, after setting up RVi, drift is worst for a low-8 
transistor and J) can then vary from 79-5 pA at 25°C to 50 pA at 
50°C, a drift of 29-5 »A. This causes the input base to move by 
29:5 x Rs wV = 2-95 mV (25 to 50°C). 

The base of Tz has a similar influence on the output as the base of 
Ti but opposite in sign. Its maximum variation is the same as above, 
except that R; is replaced by the impedance between the base 
and ground. This is highest when RV is central and is then 75 Q 
[(50 + 100)//(50 + 100) if Ri and Re are ignored, giving a maximum 
shift of +3-9 mV, which is equivalent to —3-9 mV at T, base. 
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Unfortunately, these drift voltages cannot be added, because it 
can well happen that one transistor has a high 8 with no temperature 
coefficient and zero Jepo. If this applies to Tz, then Tz base variation 
with temperature is zero. 

Input drift from ® and J¢po can therefore total (2:95 mV for a 25 
to 50 degC rise. 

Changes of Vy. with temperature tend to cancel, since if both drift 
exactly together at the maximum value of —2-5 mV/degC rise, the 
effect is merely to increase the drop across Re by 62:5 mV for a 25 
to 50 degC rise. This is an increase in (T; + Tz) emitter current of 
62:5/5-6 = 11 uA, i.e. 5-5 uA in each transistor. The input voltage 
which would be required to increase J;2 by this amount is given by 
2(5-5/gm) wV, or approximately 0-5 mV. It is clear that the larger Re 
can be, the less is the error due to equal Ve changes; replacement of 
R. by a constant-current device (Chapter 6) virtually eliminates this 
error, but of course drift in the device has to be considered. 

When the two drifts are unequal, the equivalent input drift is the 
difference between the two. For dissimilar transistor types the drift 
is therefore +(2-5 — 2) mV, ie. +05 mV/degC, giving a total 
drift of + 12-5 mV from 25 to 50°C. 

It is therefore advantageous to use similar transistor types, when 
this figure will be reduced to about +5 mV, and if dual transistors 
can be used a further reduction to + 1 mV or even less will be obtained. 

Other sources of temperature drift are the resistors and ZD1. 
If the coefficient of ZD; is +0-07 per cent per degree C, then over a 
range from 25 to 50°C this is equivalent to an input drift of 70 mV/G, 
ie. about —7 mV. Resistor drifts of up to +0-02 per cent per deg C 
can be calculated similarly and referred to the input. 

Power supply variations also contribute to drift and the effect of 
the variation can be calculated by considering separately each entry 
point to the circuit. 

For instance, if the —20 line changes by + 10 per cent, the direct 
effect on the emitter circuit is to change the drop across Re by ¥2 V, 
giving a change in each emitter current of ¥(1/2)(2/5-6) mA, i.e. 
0-18 mA. This is equivalent to an input change of #2 x (0:18/gm) 
mV = £18 mV. 

The —20 line affects Tz base to an extent slightly dependent upon 
the setting of RV1. If RV: is central, the change in base potential for 

+10 per cent in the —20 line is about +40 mV giving an equivalent 
input of +40 mV. 
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In this case a cancelling effect can be taken into account, since Re 
and R, are attached to the same —20V line, the result being a drift 
of +22 mV referred to the input. 


Variations in Directly Coupled Amplifiers 

Because of the inherent cancellation of Vye, the differential ampli- 
fier is the basis of most low-drift directly coupled amplifiers. 

Many refinements are used to increase input impedance, to reduce 
the effect of changing supply voltages, and to define the gain accur- 
ately. To reduce zero drift the only approach is to use the lowest 
possible base currents in the transistors directly connected to the 
source, and to balance Vp- accurately in each half of the amplifier. 


Fic. 9.4 Use of emitter follower 


To this end emitter followers, preferably using planar epitaxial types 
of high gain, either p-n-p or n-p-n, may be added as shown in Fig. 
9.4. An even better method, due to Bénéteau (Fig. 9.5), is to replace 
each transistor of the differential amplifier by a complementary pair 
(see Chapter 10). The advantage is that, as in the two-transistor 
differential amplifier, only two Vpes need to be balanced, yet the base 
currents are as low as the emitter followers in Fig. 9.4. 

Supply voltage has its biggest effect in coupling to the second base 
of the input pair. One method to reduce this at the cost of ‘rejection 
ratio’ and gain is to earth this base and adjust for zero balance by an 
emitter potentiometer (Fig. 9.6). To be effective the drop across Re’ 
when the slider is at one end must exceed the possible Vp. differential 
when half the emitter current in Re flows through R.’. 
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Bootstrapping, described in Chapter 15, may be added to increase 
the input resistance, but it must always be remembered that the input 
drift of an emitter-coupled pair will be Voe differential drift plus the 


Fic. 9.5 Bénéteau’s circuit 


voltage produced when Jp flows into the resistance seen by the base. 
If by bootstrapping or any other method the input resistance is made 
infinite, then the drift due to J) is yRs where Rs is the source resist- 
ance, Removing the source then gives ‘infinite’ drift, i.e. the amplifier 
drifts until some limiting occurs. 


Fic. 9.6 Alternative zero set 


In assessing a design it is therefore important to know its input 
voltage drift Vp with R; = 0 and its current drift Jp which causes a 
further drift of JpRs. For example, an amplifier with Vp = 1 mV 
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and Jp = 1 pA/degC will drift 1 mV + 1 V/degC when driven from 
a 1 MQ source. 


Typical Application: Voltage Stabilizer 

By far the most common use for a directly coupled amplifier is the 
reference amplifier of a voltage stabilizer. The stabilizer is used to 
provide a source of stable voltage and low output resistance when 
the main supply and the load are variable. 

A simple Zener stabilizer was described in Chapter 1, but this 
becomes undesignable when the load current is large compared with 
the rated Zener current; moreover the output resistance is much 
greater than the 0-1 Q which is often required. 


ey 
Fic. 9.7 Block diagram for voltage stabilizer 


The principle of operation is shown in Fig. 9.7, where the ‘refer- 
ence’ voltage is usually a Zener diode supplied as described in 
Chapter 1 and preferably of low temperature coefficient. A differen- 
tial amplifier such as an emitter-coupled pair is supplied from the 
main d.c, supply Vs and has a high-power output stage from which 
the stabilized output Vous is taken. An attenuated version of Vou: is 
coupled by Ri and Rg, and the two differential amplifier inputs are 
connected between this point and the reference voltage Vres. 

The system is a negative feedback amplifier, and if correctly de- 
signed causes Vous to be 


Ro+R 


regardless of Vs variations. The connections are such that if Vous is 
too small, the differential amplifier changes its current in the correct 
direction to increase Vows, and vice versa. 

In practical stabilizers the power stage is usually a simple emitter 
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follower. If it is arranged so that any output load current tends to 
increase the emitter follower current the circuit is called a ‘series 
stabilizer’ and the emitter follower is known as the ‘series transistor’ 
or ‘series element’. If load current tends to decrease emitter follower 
current, the terms are ‘shunt stabilizer’, etc. 


Typical Design 

A practical example of the above system is given in Fig. 9.8, where 
Ti and Tz form the differential amplifier and T3 and T4 enable 
currents of about 1 A to be delivered to the load. Phasing can be 
checked by imagining the loop broken at between Rg and Ts and 
levels adjusted to produce normal transistor operating conditions. 


Fic. 9.8 Practical voltage stabilizer 


Then move the free end of Rg negatively. This causes Tz to pass more 
current, so that its collector moves positive. Ts emitter and T4 emitter 
therefore move positive, and when Rg is reconnected this will tend to 
move Rg positive, thus resisting its negative movement. 

To design such a circuit, assume that all voltage levels are at the 
desired level. In this case the output required is taken to be about 
15 V with a current 0-1 A for Vs = 20 + 10 per cent, temperature 
0-100°C. To make the potential of base 2 of the differential amplifier 
correct (5-6 V), a ratio of about 2:8 to 1 is required for (Rs + Re)/Rs. 
For reasons of drift and loop gain, to be discussed later, the values 
of Rs and Rg should be as low as possible as long as they do not 
drain a large proportion of the output current capability of Ts. 
Rs = 220 Q and Reg = 390 Q are suitable; lower values in similar 
proportions may also be used. 
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Since the output transistor will carry 1 A and have a Ve¢ of 20 — 
15, ie. 5 V, it must have a power rating of at least 5 W at the maxi- 
mum operating temperature. If this is 100°C, then the 2N3055 in 
conjunction with a small heat-sink (of about 5 degC/W) is satis- 
factory and since its guaranteed minimum fy at 1 A is 50, Joa is 
20 mA maximum. ‘Minimum’ current occurs at no-load (leaving 
only Rs and Rg as loads), when only Jevo flows. At 100°C this is 
about 1} mA maximum, but if the full load has been applied, raising 
the junction temperature to 130°C, and is then removed, Jono may 
be 10 mA. The base current of Ts can therefore be 20 mA flowing 
outwards, at one limit, or 10 mA inwards, at the other. 

This is of extreme importance, as it shows the need for Ra; the 
base current requirement for T4 could be inwards, and without Ra, 
Ts then has no source of emitter current. T4 base falls until Jy4 = 0, 
giving Jeg = Balcvoa; the loop loses control and the output remains 
at some unstable level between 15 and 20 V. Stabilizers have often 
been designed without R4, and they invariably fail at high tempera- 
ture with no load, especially if full load had just been applied, making 
Ta hotter still. 

The only safe design procedure is to make Rg current equal to the 
maximum possible value of T4Jevo, in this case 10 mA, so that Ra = 
1-5 kQ. 

Ts can now be chosen; it will carry a maximum current of 10 mA 
(from R4) + 20 mA (full load for Ty with minimum fz of 50 and 
zero Icpo), i.e. 30 mA at 5 V, a power rating of 150 mW at 50°C. A 
2N696 is suitable and has a minimum @ of 25, giving a maximum 
Tog of 1-2 mA. 

Rg must now be designed so that when Jpg is maximum the poten- 
tial across Rg is such that its more negative end never goes more 
negative than (15 +Ve7T3 +VeTs) V, ie. +16 V. (No great 
accuracy is required here so long as a large margin is allowed in the 
value of Rg.) For the first time in the design the more positive limit 
of V; is important, since the loop will fail completely as soon as the 
drop across Rs is too large. This positive Vs limit is +18 V, so that 
2 V drop in Rs can be allowed in the limit when Js is maximum. 
This gives a limit value for Rs of (2/1-2) kQ, i.e. 1-6 kQ, and to en- 
sure a large margin for tolerance and to avoid T2 approaching cut-off 
under Jyg maximum conditions, a value of 1 kQ is selected. 

Under the opposite set of conditions, where Vs; = +22 and 
Jy3 © 0, which can occur if Tz and T, have high 6 and high Jyo, then 
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to bring the output to +15 a current of (22 — 15)/Rs =7 mA 
must be supplied to Rs. (This time no allowance for Voe was 
made, since in the worst case this approaches zero.) This current 
must therefore be available from Re, the value of which must 
be (| Vreg.min.)| ‘an! |Veos|)/7 = 43/7 = 610 Q, if Veer. = 56 + 10 
per cent and Vey, = 0-7 V. Re is chosen as 560 Q. 

Ti and Tz have to carry a maximum current of (5-6 V + 10 per 
cent)/Re, ic. 11 mA, and T; may at the same time have 16 V, giving a 
dissipation of 176 mW. This may be reduced by connecting T1 
collector to Ty emitter, since this is just as effective a supply line as 
V;. Dissipation is then 121 mW maximum in T; and Te, and the 
2N930 or BC108 are suitable. 

Ry may now be decided to suit Zener diode ZDi, which may be 
of low power rating, e.g. 300 mW, with an optimum current of 
5 mA. T; base current may reach 1/3 mA, which has little effect, and 
the value of Ri may be (20 — 5:6)/5 = 2:7 kQ. 


Refinements and their dangers 

As in the case of T; collector, there appears to be no reason why 
Ry should not be connected to T4 emitter, with a change in value to 
(15 — 5:6)/5 = 1-8 kQ, since this is a more stable supply than Vs 
and will result in less variation in the reference when V; changes. In 
this particular design this is a good idea and should be adopted. In 
general this ‘gimmick’ always needs careful examination, because 
the result may be that the circuit never ‘starts’, the output remaining 
at zero. (If this should happen in a stabilizer, a momentary resistive 
link from Vs to the reference Zener will ‘start’ the stabilizer and the 
link may then be removed.) 

The only reason for its success in the present circuit is that Rg is 
pulled positive by Vs; and this pulls the output positive, so turning 
ZDy, on until full stabilization is reached. An example where non- 
starting results is shown in Fig. 9.9, in which Ts is an earthed emitter 
stage instead of an emitter follower. To overcome the inversion of 
signal thus produced,*T3 is supplied from Ti collector instead of 
from Te. If ZD; is supplied from the output as shown and V; switched 
on, Ry and Rzare pulled positive, but unless the Icvo of Ta pulls Re 
positive enough to turn on Ty and ZD;, the output never reaches 
stabilizing level. Momentary connection of Rp or Rg starts the 
circuit. 
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Compensation for line changes 

Returning to Fig. 9.8, it is clear that variations in Vs are coupled 
into the system by Rg, thus undesirably varying the output; the per- 
centage variation is reduced by the loop gain (which is typically 10 
in this simple circuit), but this still amounts to +1 per cent. 

One way to reduce this is to couple some of the Vs variation into 
Tz base at such an amplitude that it cancels the V; change seen at 
the collector. This requires a resistor R7 of such a value that 


R5//Ro//Rinz a 

® Re[TRo]]Rina + Ry 28m2l2 = Vs 
R; therefore depends on gm so that it cannot be given an exact value 
and will require adjustment for the particular transistor. This is not 


Fic. 9.9 A ‘non-starter’ (see text) 


a welcome situation, but even without exact setting a marked 
improvement is given and this applies to any form of Vs; variation, 
including ripple. In Fig. 9.8 R7 should be about 10 kQ. Note that in 
Fig. 9.9 R4 and Rg move together when Vz varies, so that if the 
output resistance of T; (~ re/$1) is much higher than Ry, no change 
of current results in Ts; thus, no change appears at the output. 


Positive feedback to give zero output resistance 

The use of positive feedback within a negative feedback loop has 
a surprising effect. If the positive feedback is applied to one stage of 
the loop amplifier to the critical point where the positive loop would 
normally oscillate, the negative loop behaves as if it had infinite gain. 
Oscillation does not occur (except for other unconnected reasons), 
and the output impedance of the negative feedback system is zero. 
If positive feedback is increased beyond what would normally cause 
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oscillation, the system is still stable and the output impedance 
becomes negative. 

Although this is a useful result, it is by no means the cure for all 
stabilizer or feedback problems. The main difficulties are, first, that 
the value of positive feedback for Zous = 0 is highly critical and 
cannot be held with great accuracy, so that the risk always exists 
that Zous may become negative, causing oscillations with certain 
types of load; and, secondly, that the bandwidth over which the 
critical condition holds is restricted to a fraction of the normal 
system bandwidth. 

Both these considerations make this idea useful only in narrow-band 
systems where negative Zous is tolerable—namely stabilizer circuits. 

Here the idea is practical provided the designer does not attempt 
to convert a poor performance into perfection solely by its means. 


Fic.9.10 Adding positive feedback to practical voltage stabilizer (Fig. 9.8 


If, for example, Zou is 1 Q and the use of positive feedback is used to 
reduce Zou; to 0, then normal tolerance effect will result in Zou: = 
0 40-1 Q, not Zou = 0 +1 mQ, 

Fortunately, the incorporation of this scheme is very simple and 
can be done by adding a collector load in T; (so designed that Ti 
cannot saturate on I¢ipmaz., = 10 mA) and a resistor from T; col- 
lector to Tz base. The value of the latter component should ideally 
be such that the gain round the Ti--T2s-Tic loop is just unity. The 
extra components affect Tz base, and some change in Rs or Rg is 
required to reset Vous correctly. These conditions are easily calcu- 
lated: what is not easy is to estimate the long-term drift in the 
positive loop gain. As stated above, this ‘trick’ should be regarded 
as a final touch to an already adequate design (Fig. 9.10). 

tL. 
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Extra loop gain 

Using the original circuit of Fig. 9.8, the loop gain of about 10 is 
often insufficient, although attention to some of the above refine- 
ments will often remove the need for more. (Only isolation, not loop 
gain, is required to improve performance against changes in Vs; 
although more gain also improves this, it is bad design to use more 


Fic. 9.11 Extra stages for higher loop gain 


than is required from other points of view.) The important advan- 
tages of more loop gain are the stability of output against amplifier 
gain variations; predictability of output as a simple ratio of the 
reference voltage; and low output impedance. 

The usual way to increase gain is to add a second coupled pair of 


Fic. 9.12 Alternative forms of reference amplifier 


the opposite type (see Fig. 9.11), and a novel method having some 
advantages is given in Chapter 12. 


Combined reference amplifier 

An alternative to the Zener diode/emitter-coupled pair combina- 
tion is the use of a single transistor with the reference diode in its 
emitter circuit (Fig. 9.12). 
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This has certain conveniences counterbalanced by slightly worse 
performance. 

The advantages are: the saving of one transistor; and the omission 
of the Zener feed resistor if the transistor emitter current is suitable. 

Disadvantages are: temperature performance depends on Voe 
matching with Vz (e.g. 6°8 or 8-2 V Zener tends to match a transistor 
Ve in temperature coefficient), whereas in the first circuit matched 
transistors and low-coefficient Zener can be obtained; change of 
output current varies output transistor Ve and results in some change 
of Zener current; variable supplies are difficult because the Zener 
cannot be tapped down, as a very-low-resistance potentiometer 
would be needed and if the feedback resistors are varied, minimum 
output is Vz, not zero; positive feedback is more difficult to add. 

The first snag has been tackled by some manufacturers, who 
supply a matched Zener-transistor reference amplifier. 

On the whole, the single-transistor version tends to be used in 
fixed supplies unless performance is to be exceptional. 


Loop stability 

Since a stabilizer is a feedback circuit the problem of loop stability 
exists. The principles of controlling loop response were given in 
Chapter 8. 

The designer must assume that the output load may be capacitive 
to any degree and so the only safe method to cure loop oscillation is 
to add output capacitance to make the output load the major time 
constant. Additional load capacity will then improve stability. In 
many applications the a.c. performance of the loop is unimportant 
and the simplest techniques may be used. If the loop has to have 
good h.f. response it must be treated as a wide-band feedback 
amplifier as in Chapter 8. 


SUMMARY 
Directly coupled amplifiers are designed by assuming the desired 
conditions have been achieved and the values chosen accordingly. 
Feedback circuits incorporating such amplifiers are equally simple 
to design, the example chosen being the voltage stabilizer. 


CHOPPER AMPLIFIERS 


When amplifying a slowly moving signal such as the output of a 
thermocouple by means of a conventional direct-coupled amplifier, 
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slow drift in the amplifier caused by ageing or ambient temperature 
changes are indistinguishable from the signal. Although precautions 
can be taken to keep amplifier drift small, some drift inevitably takes 
place and this sets a lower limit to the input signal level which can 
be measured to a given accuracy. 

Tf, however, the input signal is treated before entering the amplifier 
in such a way that it can always be distinguished from other signals 
not so treated, then amplifier drift becomes unimportant. (Strictly, 
it is the ‘zero drift’ which becomes unimportant; ‘gain drift’ is still 
as significant as before, but this causes a percentage rather than a 
fixed error so that it imposes no lower limit to the useful signal level.) 

One system using this principle is the ‘chopper amplifier’, which 
in its simplest form consists of a vibrating switch S$: which alternately 
connects and disconnects a short-circuit across the signal; often a 
series resistor Ry is added where a direct short-circuit could cause 
excessive current flow (see Fig. 9.13). 


Fic. 9.13. Chopper amplifier block diagram 


In this way the input Vin, which is assumed to move very slowly 
compared with the switch period (7; + 72), appears at v1 in the 
form of a square wave which moves between zero and Vim alternately. 
If v1 is now a.c. coupled to an a.c. amplifier, the signal is always 
recognizable as the peak-to-peak amplitude of the square wave, any 
slow drift of the mean level in the amplifier being insignificant. 

After amplification to a level AVinipp) sufficient for direct monitor- 
ing, the signal can now be recovered in its original form (but ampli- 
fied) by simple diode peak rectification which produces an output of 
(1/2)AVin. This method has the fault that input signals of either 
polarity always produce the same output polarity, which depends 
only on the polarity of the rectifier diode connections. 

Usually it is desirable to reproduce the input polarity, in which 
case a ‘synchronous rectifier’ is used. This is Sp in Fig. 9.13 and is 
driven in synchronism with S;, so that with the positive Vin assumed 
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in Fig. 9.13, Sg closes during the more positive ‘half’-cycle of Ve. 
C; therefore acquires an extra charge corresponding to AVin (the 
left terminal being the more positive), compared with the level it 
would carry if Sg did not exist. When S2 opens, V2 simultaneously 
falls by AVin, giving the waveform V3 shown in Fig. 9.14. 

Hence, V3 swings from zero to — A Vin and the average value of V3, 
obtained by the smoothing circuit C2Re, is 


-A Vin 


T 
T, + Tz 
Knowing 71/T2 and A, Vin is therefore known in magnitude and sign. 
Note that if S2 is operated in the opposite sense to S; (i.e. closed 


Open-circuit 
— 


paste} Sad 
Short-circuit 


% =-b-ov 


j-- OV 


Fic.9.14 Waveforms for chopper amplifier block diagram (Fig. 9.13) 


during T;), the output polarity reverses and is positive for positive 
inputs; the same result applies if the amplifier has a gain + A instead 
of —A. 

The synchronous rectifier possesses the valuable property of being 
insensitive to signals which are unrelated in frequency to its own 
switching frequency. The easiest way to understand this is to assume 
that no normal signal is present and that only random noise is 
coupled to Se through Cin. When S:2 closes, Cin is being charged and 
discharged randomly, so that when Sg re-opens the output begins at 
zero and follows the amplifier variations until Sz closes again. Since 
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the noise has zero mean level, the integration of the output over many 
openings of Sz yields zero output from the smoothing circuit. This 
applies however large the noise is, provided the amplifier does not 
change the form of the noise, e.g. by cutting off, and that Sp works 
as a perfect switch. 


Design Problems 

Apart from the switches $; and Se, which will be dealt with later, 
a number of problems arise which are of a somewhat unusual nature. 

The first of these concerns the input impedance of the a.c. ampli- 
fier, which is represented in Fig. 9.13 as a resistor Ryn. It is obvious 
that this causes a reduction in overall gain, because after S: opens 
Vi cannot rise to Vin, as assumed previously, but only, it would 
appear, to (VinRin)/(Ri + Rin). One might expect therefore that the 


+ Vein~ +Mein = 
R Ry Mein 
+ +f J 
Min ° Rin Yin Rin 
S; closed for T S) open for T, 
fa) (b) 


Fic. 9.15 Chopper input circuit 


overall gain would be reduced in this proportion and that if Rin = Ri 
the gain would be halved. 

This very natural conclusion is, in fact, quite wrong and, as will 
be shown, if Rin = Ri and 7; = Tp the gain is reduced by a factor 
of 4, not 4. 

The method of calculation follows the principle given in Chapter 1: 
the charge and discharge of Cin per cycle are calculated and assumed 
equal, which must be so when equilibrium is reached. Cjp, is assumed 
very large (CinRin > Ti + T2), so that the a.c. waveform across Cin is 
negligible and it is assumed to have, at equilibrium, a steady voltage 
Vein between its plates. 

When Sj is closed, Ci, discharges through Rin and since Vein 
changes negligibly during T2 (ie. no a.c. waveform on Cin) the 
current, assumed flowing from left to right, is constant at — Voin/Rin 
(see Fig. 9.15 (a)). Charge flow in the direction shown is therefore 
(—Vetn|Rin)T2. 

When §; is open, the current is given by (Vin — Voin)/(Ri + Rin) 
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in the direction shown (see Fig. 9.15 (b)) and charge flow is therefore 
Ti(Vin — Vein)/(Ri + Rin). A : 

Since both icyr, and icvr. were assumed to be in the same direc- 
tion, the sum of these charges must be zero. 


Hence, 
(—Vetn/Rin)T2 + Ti(Vin — Vetn)/(Ri + Rin) = 0 
{| Bi su Wnt Spoons a 
i.e. Cin T+ (G/T + Ri/Renl 


To calculate the peak-to-peak output across Rin, Kirchhoff’s 
second law is used to find Vin in each position of S:, regarding Cin 
as a battery of e.m.f. Vein in the direction shown. When S; is closed 
(i.e. during 7) the voltage across Rin is — Voin and when S; is open 
(during 71) the voltage across Rip is 


(Vin — Voin)Rin 
Ri + Rin 


The peak-to-peak voltage across Rin is therefore 


(Vin — Vein)Rin, 


Yon + Ri + Rin 


which reduces to 
y, 1 + 72/71 
T+ Te/Tid + Ri/Rin) 


In the special case where 7; = To, 


2 
Vite = 5 -RilRin 
so that if Ri = Rin, Vrin = $ Vin. 

Note also that if 71 > T2, Vain % Vin provided Ri +> Rin, and 
if Ti < Tz, Vain © Vin/(1 + Ri/Rin), an attenuation equivalent to a 
direct loading of Rin on Ri. 

A second difficulty appears in connection with the synchronous 
rectifier. In the description of its action it was assumed that the 
capacitor, when connected to earth by Se, would become charged 
to the signal level at the amplifier output within the closure time of 
Se. In practice this does not always occur, since the current required 
to charge C; in this time may be more than the amplifier can supply. 
In this case C, becomes only partly charged and on successive cycles 
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receives more charge until finally the correct level is reached. This 
represents a delay between the application of an input signal and the 
obtaining of the final output and is additional to the delay in the 
smoothing circuit which follows Se. 

In designing the output stage it is advisable to avoid this effect. 
The delay in itself may be tolerable and is calculable if the maximum 
current capability Jnaz, of the output stage is known (from Jnaz, = 
CidV/dt), but in most cases the value of Fnag, differs according to 
the direction in which C, is being charged. This gives unequal 
response times for rising and falling input signals which can cause 
instability if used in a servo loop (a common use for a d.c. amplifier). 
A more subtle consequence is that when the output stage is near 
cut-off, just before Jmaz. is reached, any spurious ripple or noise 
associated with the signal becomes rectified and gives an output 
error, thus nullifying one of the best features of a synchronous rather 
than a diode rectifier. 

An alternative arrangement which makes the design of the output 
stage simpler consists in adding resistor Rg in series with Ci. The 
advantage of avoiding high current demand from the amplifier 
almost always outweighs the longer delay for a given value of ReCi 
and Co, In practice the longer delay is slight, is easy to calculate and 
is independent of output direction, provided the amplifier is designed 
to remain linear when the load of Rg is switched in by Se. 


Chopper and synchronous rectifier switches 

Si and Sz may be either mechanical or electronic switches. Gener- 
ally, the former behave more like the ideal switch in giving virtually 
perfect open-circuits and short-circuits, but the life and switching 
frequency are limited. Electronic switches can be transistors which 
are alternately cut-off and saturated, or may be photoconductive 
cells which change from low to high resistance when illuminated by 
a flashing light source. 


Mechanical choppers 

When amplifying input signals in the microvolt region from a 
high impedance source of several megohms, the present-day semi- 
conductor chopper is unsuitable and a mechanical chopper has to 
be used. These have been highly developed and are now of much 
greater reliability than the standard astable relay which was often 
used in the past. 
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Even so, these devices should be used only when dictated by the 
circuit specification, since they are expensive, have short life, and 
usually fail to operate under military vibration conditions. Usually 
the contact arrangement consists of one changeover switch so that to 
work as S; and Sg the moving contact has to be earthed. 

The power consumed by the driving coil depends on whether a 
resonant structure is used. For a resonant vibrator the drive is of 
relatively low power (100 mW) but the ‘over and back’ time is fixed 
regardless of drive period: this results in non-unity mark/space of 
chopping if the drive period differs from twice the resonance period 
or if temperature changes affect the resonance. The non-resonant 
type is free from this difficulty and can be driven at any frequency 
up to its top limit, but requires several times the drive power (2 W) 
and is more expensive. 

Other design problems when using mechanical choppers are the 
need to protect the chopper unit from mechanical shock and the 
need to screen the input chopper connections (which are close to the 
high-level synchronous rectifier leads) and eliminate earth currents 
in the lead to the common contact. It is also highly desirable to 
operate the chopper at a frequency unrelated to any mains fields 
which might enter the a.c. amplifier and be treated as a chopped 
signal, so that the use of the mains supply for the drive is question- 
able. 

In some applications it is important that the signal earth should 
be ‘floating’ relative to the amplifier earth, and this can be done by 
using an input transformer. Specialists in mechanical choppers will 
supply complete chopper/transformer units, doubly screened to 
avoid undue stray pick-up. 


Transistor choppers 

As explained in Chapter 3, the alloy or planar epitaxial transistor 
can be operated as a switch by alternate cut-off and saturation. The 
performance of a transistor switch is not perfect, and can be repre- 
sented approximately as a battery Veccsat. when saturated (Fig. 
9.16 (b)), and as a source of current J¢po when cut off (Fig. 9.16 (c)), if 
used in the optimum configuration (Fig. 9.16 (a)). 

Assuming that Veegat., may double for a 50°C rise from perhaps 
3 to 6 mV, and that Jeno may be negligible at 0°C and 1 pA at 50°C, 
the errors caused by these imperfections are easily calculated. If Ein 
were Zero, ox Ought to be zero also, but will be alternately Vecat.) 
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and Rslevo. The sign of Veesat.y is negative and RsJepo is positive, so that 
the resulting waveform has an amplitude of (Voeat,) + RsTevo) peak- 
to-peak. This is equivalent to an unwanted input of (Veesat., + RsJevo) 
and this is therefore the drift caused by the chopper referred to the 
input. It is often referred to as the ‘pedestal’ of the chopper, since 
the input signal sits on top of it. 


Ein 
Rg Rs Rg 
4+V>E;, Rb "Tt Teo 
Sout Ein} fi Eout Fin out 
Vp Vec(sat) 
(a) (b) (c) 


Fic. 9.16 Transistor chopper equivalent circuits 


To minimize this figure, R; must be as small as possible and a 
transistor with low Jeso specified. When only low-level input signals 
will be present, the effect of Jevo can be reduced, it would appear, to 
zero by driving the base only to collector potential (Fig. 9.17). 

In this circuit Di cuts off when the drive goes positive, so that Ti 
base remains at zero potential. Provided Ejn is no larger than a few 
tens of millivolts in the positive direction, T; is cut off (or at least 


Fic. 9.17 Circuit to reduce effect of Ico 


presents a high resistance); and since there is no reverse bias from 
base to emitter, no Jepo can flow. This is an over-simplification, be- 
cause transients caused by hole storage in T; and Dj, and by transis- 
tor and diode capacitance, momentarily reverse T; base-emitter 
during which time Jeno flows. 

One idea to reduce the effect of Veeeat.) is to introduce some of the 
drive waveform into the collector circuit of the chopper transistor. 


— 
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This can be done by transformer coupling or by resistive injection 
from an inverted version of the drive. These methods do not help 
temperature drift of Veeat, so that where temperature changes of 
50 degC are likely, the total zero offset at one temperature extreme 
would normally be halved. A more useful compensation method for 
use under these conditions is to back-off the Veeat of two identical 


Fic. 9.18 Balancing Veeisat.) 


transistors driven simultaneously (Fig. 9.18). In the circuit illustrated, 
a differential amplifier such as an emitter-coupled pair must be used 
to amplify the difference signal from T; and Tz emitter. This may be 
overcome by transformer-coupling the drive (Fig. 9.19); if the tran- 
sistors are matched for ® and Veegaz, the emitter 1 to emitter 2 
voltage at saturation can be less than 100 »V over a 50 degC tempera- 
ture range. Suitably matched transistors are available from several 


Fic. 9.19 Balancing Vec(sa..»—transformer coupling 


manufacturers, and in some cases they are encapsulated with a trans- 
former and called solid-state choppers. 

The circuit of Fig. 9.19 has further useful properties. Consider 
the state condition when no base drive is applied, and assume Tz 
emitter is earthed and a potential is applied to Ti emitter. If this 
signal is very small (a few millivolts) then no forward current or 
reverse current flows. If the signal is large and positive, T: conducts, 
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causing Tz base and collector to move positively. This cuts off Tz, 
since its emitter—base junction is reverse-biased and its collector and 
base are at the same potential, so that Jepo2 flows from the signal 
source. Conversely, if the signal is negative, Ti cuts off and Jepo1 flows 
into the source. 

The chopper is therefore open-circuit in the static condition for all 
signal voltages up to the Vey reverse breakdown level. This can be 
advantageous when the drive mark/space is designed to be small in 
such a direction that the short-circuit switch time is short, since the 
removal of zero frequency component by the transformer then causes 
the excursion in the cut-off direction to be very small. 


Photoconductive choppers 
A photoconductive element of, for example, cadmium sulphide 
has the property of increasing its conductance when illuminated, 


| < ue al 


se 


Fic. 9.20 Photoconductive cell used as a chopper 


s 


without generating internal voltages or currents. Such an element 
may be used as a chopper, provided its ratio of high/low resistance 
is sufficiently large and that its values of resistance are suitable for 
the signal source. The behaviour of this chopper can be represented 
as a perfect switch S with series and parallel resistors Rse and Rp 
(Fig. 9.20). A lamp (tungsten or neon) is placed near the element and 
made to flash at the desired chopping rate, and the output signal is 
then a chopped version of the input. The peak-to-peak output is less 
than the input signal by an easily calculated amount which depends 
on source resistance Rs, Rse, and Ry. This quantity varies consider- 
ably with ambient temperature and with lamp drive voltage but 
represents only a gain drift, not zero drift, so that overall feedback 
(as described later) masks the drift to any desired extent. 

Zero drift would be non-existent if there really were no voltage 
generation in the element. Any asymmetry in its construction does, 
in fact, lead to some e.m.f., although this is only in the microvolt 
region even for quite inexpensive elements. 
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Practical difficulties in the use of photo-choppers. Two of the best 
features of transistor choppers over mechanical and photoconductive 
types are that they may be operated at a few kilocycles per second 
before transient effects ruin the performance. This implies that the 
overall bandwidth of the chopper amplifier can be a few tens of 
cycles after smoothing the output. The disadvantage of transistor 
chopping is the generation of unwanted e.m.f.s and currents. 

The photo-chopper is more or less free from these defects but only 
the expensive materials have a fast response, cadmium sulphide 
being limited to about 100 Hz. As the drive frequency is increased, 
the element is unable to reach its high- and low-resistance values 
within the half-cycle, so that peak-to-peak chopper output falls and, 
since the waveform becomes non-rectangular, further loss occurs in 
the synchronous rectification. 

Unless expensive elements (e.g. lead telluride) are used, the overall 
response is limited therefore to a few cycles per second. A further 
difficulty, directly related to speed of response, is that the chopped 
waveform lags several milliseconds behind the drive waveform. This 
occurs also in mechanical choppers but is much smaller (a few micro- 
seconds) in transistor choppers. If no correction is applied and the 
synchronous rectifier is driven by the same drive waveform, reduction 
of output results. Since the phase shift is not predictable and varies 
with lamp intensity (which changes by ageing), any compensation by 
extra phase shift in the drive is approximate only. 

Another problem is the flashing light source, which may be a 
constantly lit source separated from the photo-element by a motor- 
driven rotating shutter, or may be a lamp driven on and off. The 
motor method has been used successfully in a range of commercial 
instruments. The flashing tungsten lamp has a limited life and a neon 
lamp (although spectrally suitable) requires higher voltage drive 
than is readily available in a transistor instrument. 

Transformer coupling from the drive generator to obtain a high 
voltage requires a bulky transformer owing to the low drive frequency. 
One solution, devised by A. Errington (formerly of B.A.C., Steven- 
age), is to use the drive waveform to start and stop a high-frequency 
oscillator (100 kHz) the output of which is transformed up in volt- 
age, rectified, and coupled to the neon lamp. 

This last arrangement appears to be the best driving system, and 
although apparently complicated the cost and bulk of components 
is low and no special power supply is required. 
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Field effect transistor choppers 

Field effect transistors behave in a similar manner to photo- 
conductive cells when used as choppers. The source-drain channel 
resistance switches from its normal value (between 10 Q and 5 kQ) 
toa very high value (several megohms) when the gate voltage is driven 
to cut-off. No e.m.f. is generated and gate-source leakage is very low. 

Unlike the photo device, the isolation between drive and switch 
electrodes is not perfect due to gate-source and gate-drain capacitance 
which couples the drive waveform to the switch connections during 
each transition. Similarly ‘back-wash’ is coupled from the switching 
electrodes back to the gate. (In a photo-conductive cell it is naturally 
impossible for voltages present across the cell to modulate noticeably 
the brightness of the lamp.) Even though the isolation seems at first 
sight adequate (only a few picofarads) its presence gives rise to spike 
problems as in the transistor chopper. This is due to the large gate 
voltage swing needed to effect cut-off—usually 10 V more negative 
than both gate and source potentials for an n-channel depletion type 
such as the 2N3824, 

Because of the spike problem the field effect transistor is often used 
as a modulator rather than a switch. This is achieved by driving the 
gate with a sine wave superimposed on a d.c. level in such a way that 
neither cut-off nor full conduction is reached. This attractive-sound- 
ing solution is not ideal since a special drive waveform is required, 
having a.c. and d.c, levels suitable for the particular field effect tran- 
sistor sample. Another snag is that the resulting amplitude of the 
modulated input d.c. signal is very much less than that obtained by 
using the field effect transistor as a true switch. A more subtle 
problem is that the field effect transistor gate-source capacitance 
causes a greatly attenuated version of the gate waveform to appear 
across the source-drain terminals in quadrature to the main signal 
(in quadrature because it is coupled by a very small capacitance). If 
the output chopper drive is exactly in phase with the input chopper 
drive and if no phase shift occurs within the amplifier then this 
quadrature signal produces no output error from the synchronous 
rectifier, unless it is so large as to cause limiting. If, however, a phase 
error does exist then the quadrature ‘leakage’ contributes to the out- 
put in the same way as if an input d.c. were present. This point has 
been emphasized because generally a slight phase error has no signi- 
ficance in a chopper amplifier, merely resulting in a slight loss of 
gain. Consequently great care must be taken to check this point if 
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it is proposed to modify an existing chopper amplifier by using a 
field effect transistor modulator. 

For most applications the field effect transistor, used as a switch, 
should be considered if a transistor is inadequate due to its Veasat.). 
It is easier to drive than a photo-conductive element but is less con- 
venient to drive and more expensive than a transistor. 


Synchronous rectifier switches 

The requirements here are less difficult to meet than in the input 
chopper. Signals levels are much higher, so that a switch ‘pedestal’ 
as high as several tens of millivolts is normally tolerable. The only 
extra problems arise in the use of a transistor switch where the base 
drive must exceed, in the cutting-off direction, the largest signal peaks, 
so that the series diode method for reducing Jevo cannot be used. 

If spurious signals are present which the synchronous rectifier is 
intended to ignore, then the base potential for cut-off must exceed 
the total possible signal peak (i.e. the sum of wanted signal and 
spurious signal); if not, the spurious signal becomes rectified and 
the resulting output is equivalent to an input error. 


Overall Feedback in Chopper Amplifiers 

Zero errors and zero drift in the input chopper cannot be improved 
by signal feedback, since no sensing element following the input 
chopping can distinguish between a true input with a perfect switch 
and zero input with an imperfect switch. 

Feedback can be used with advantage in the reduction of the vari- 
ations of gain, which occur when the mark/space changes, and also, 
in photoconductive choppers, if illumination changes. These changes 
apply also to the synchronous rectifier, and further overall gain 
changes occur due to variation in the gain of the a.c. amplifier and 
in its input impedance. 

Whenever gain accuracy of better than a few per cent is required, 
it is therefore advisable to add overall feedback as shown in Fig. 9.21. 
As in any feedback system, the improvement obtained depends on 
the amount of loop gain, i.e. gain ‘thrown away’ in feedback. The 
designer must therefore assess the likely change in gain without feed- 
back and deduce the amount of feedback required; then add the 
extra gain and apply the feedback remembering that the extra gain 
may also change. 

Where the amplifier is to handle relatively large signals such as a 
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few volts, but is to have very high input impedance (hundreds of 
megohms) an alternative feedback connection can be made (Fig. 
9.22). Here the output signal after rectification smoothing and 
attenuation by n to 1, is connected to the input chopper in such a way 
that the input switch oscillates between input and attenuated output. 


Overall gain = Eoyt/En & —Re/Rs 


Fic. 9.21 Chopper system with overall feedback 


With correct phasing the system settles in the state where the chopper 
switch output is very small and the output is n times the input to a 
degree of accuracy which again depends on the loop gain. If the gain 
from input chopper to smoothed output is A, then the loop gain is 


Overall gain = Eqyr/Ein = +n 


Fic. 9.22 Use of negative feedback for high input resistance 


A/n and the input impedance is of the order of Rin A/n. Since Rin can 
easily be 1 MQ either by bootstrapping (Chapter 15) or by the use 
of low-current planar transistors, and A/n can be 1000, an overall 
input resistance of 1000 MQ with a gain accuracy of 0-1 per cent may 
be achieved. Zero drift is still present, so that the overall gain equa- 
tion is of the form Vous = nVin(1 + 0-1) + nVo where Vo is the zero 
drift referred to the input. 

This feedback system is particularly effective with photochopping, 
since Vo is then negligible. 


Detailed Design of Chopper Amplifiers 

The problems described above are mainly concerned with the 
chopper system rather than individual circuits: the details of circuit 
design follow normal considerations. 


g 
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To take a practical example, suppose the output of a thermocouple 
of 100 mV maximum is to be amplified by 20 with an accuracy of 
+10 per cent, with permissible drift of 10 mV referred to the input. 
(This zero drift must always be specified, as well as percentage 
accuracy.) Source resistance is 100 Q and the source may be short- 
circuited without damage. Ambient temperature range is 0-50°C. 

Choice of switches. The possibility of using a single-transistor 
chopper should be considered first, since this is the least expensive 
arrangement. The zero drift of a transistor chopper in the earthed 
collector configuration (Fig. 9.16) is given by Veecsat.) + JevoRs, where 
Veesat.) is the value of Vee for heavy saturation with zero emitter 
current, and Jp is the reverse emitter leakage at 50°C. 

Manufacturers seldom quote the value of Veesat.) under the condi- 
tions mentioned above: they quote a value of perhaps 0:1 V for 
10 mA J, and 1 mA Jp in the earthed emitter configuration. This is 
useful in designing multivibrators and binary circuits but gives no 
indication of chopper performance. Fortunately, a very simple static 


100 mV fs.d. 
ae 


Pn Ry = S-2k2 


-lov 


Fic. 9.23 Direct measurement for Voeisat.) 


test can be made to convince the reader that the quoted 5 mV figure 
is correct. Using the circuit of Fig. 9.23, Voeat. can be measured 
directly at several base currents, showing that Jy is not critical for a 
Vee(sat.. of 5 mV. Generally, a high-® transistor has lower Vee(sat.), 
provided it is of epitaxial or alloy construction. 

Returning to the example, JepoRs is only 3 mV, so that a normal- 
drive waveform may be used, i.e. no series diode need be added 
(Fig. 9.17). The synchronous rectifier switch can be another tran- 
sistor operated in the same mode. It is likely that the resistance in its 
emitter circuit will be higher than 100 Q, so that its Zeno will cause much 
more than 3 mV drift; however, the significance of any drift will be 
reduced by a factor of 20, so the rectifier may contribute 60 mV or 
more to the drift and the design will still remain within specification. 
This point must be confirmed when the design is complete. 

M 
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Drive waveform. The simplest arrangement is a conventional 
multivibrator of unity mark/space, and if the two switches are of the 
same type (e.g. p-n-p) and are driven from opposite collectors of the 
multivibrator, a signal inversion in the a.c. amplifier will give an 
overall gain inversion. 

A possible circuit is given in Fig. 9.24, where a ‘standard’ sym- 
metrical free-running multivibrator is operated between +5 and 
—10 V supplies, giving a total period of 14CR= 1-4 x O1 x 


Fic. 9.24 Practical driver circuit 


18 x 10-3 = 2:5 msec. The coupling resistor to Ts of 4-7 kQ gives 
a base current of 2 mA, which is adequate for good saturation at the 
maximum input current (100 mV/100 Q, i.e. 1 mA). The value of Re 
which supplies S2(T4) cannot be determined until Rg and Rp are fixed. 

Synchronous rectifier components. These are so chosen that Ro 
does not unduly load Rs, giving direct loss of gain; at the same time, 
Ry cannot be so large that significant error is caused by the leakage 
of any emitter follower which may be added at the output; also, Rs 
cannot be so low that closure of Ty causes the amplifier to limit. The 
last condition is usually the most important, so it will be assumed that 
10 mA is the maximum current which the amplifier can supply when 
Ta closes. Since maximum peak signal is at least 2 V (to produce 
2 V output), Ts would have to pass 2/Rs A if the input jumped to 
maximum within one switching period. This leads to a value for Rg 
of about 200 Q, and to allow for output losses which increase the 
amplifier signal, Rg should be about 270 Q. 

Note that in this application this is an extremely conservative 
value, since in the steady state (i.e. fixed input) T4 would pass only 
enough current to make up for the output drain Vou:/Rz. This current 
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would be 2Vour/Rz and is much less than 2/Rg. One point in favour of 
using the conservative figure is that no further protection against 
excessive amplifier current from the destructive point of view need 
be taken and sudden application of maximum signal by a switched 
input connection cannot cause damage. 

C4 can now be designed on the basis that it must charge to the 
correct voltage within the closure time of Sz. The conservative value 
is given by assuming that to charge fully in 1-25 msec. could occupy 


1-25 
4 x 270 
During the open-circuit interval of Sz, Ca must not discharge 


appreciably so that (Rs + Ro)C4 > 1-25 msec., ic. Re + Ro > 
1-25 kQ, e.g. 12-5 kQ, giving Ro © 12 kQ. 


a time of 4C4Rg, i.e. Ca = x 10°3 = 1 pF. 


Feedback to T3 


Fic. 9.25 Output buffer to drive heavy load or feedback resistor 


If Rt > 50 kQ, which is likely if the load is a pen-recorder or 
voltmeter, the attenuation Rg: Rz is small. If Rx < 10 kQ then it is 
advisable to add a unity-gain amplifier between Ro and Ry, (see 
Fig. 9.25). One emitter follower could be used, but its Vep variation 
of 125 mV from 0 to 50°C represents 6:25 mV zero drift and so two 
complementary transistors are preferable, as shown. 

Cs is now given by CsRp > switching period, ic. CsRo > 2:5 x 
10-8 or Cs > 0:2 pF, e.g. 50 wF. This would have to be of the 
electrolytic type, but as its accuracy is unimportant and voltage 
rating less than 6 V, this is acceptable. 

Returning to the base drive for Ta, the maximum emitter current 
for Ts is 10 mA, so that a base drive of 2 mA would appear to be 
adequate, because this would cause near-saturation, though not to 
the millivolt level. When first turned on after an increase in signal 
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from zero to maximum, Ts would therefore saturate to perhaps 
100 mV and on the next closure the emitter current would be only 
100 mV/270 or 0-4 mA. On this closure, saturation to a few millivolts 
would now occur. 

This reasoning is, however, incorrect, as it fails to take into 
account the reversed emitter current which flows if the input signal 
is suddenly disconnected. In this situation 10 mA reverse current 
flows and if Bz, is < 5, Se does not close to saturation level. This gives 
an overall delay in amplifier response which differs according to 
whether the input is increasing or decreasing, an effect which Rg was 
intended to prevent. 

Two solutions are possible; either T, is a symmetrical transistor 
(Gur & B > 20) or the base drive is increased to 10/2 = 5 mA. In 
either case the ‘normal’ saturation level is worse than for a very 
asymmetrical type with very small forward emitter current. In this 
design a 28323 will be specified and the base drive increased by 
adding emitter follower Tz and putting Rg = 2:2 kQ. 

Temperature drift. Drift in the output circuitry is caused by Ts base 
current flowing in Ro so that J,R9/20 must not exceed a few millivolts 
in either polarity; if |J)|Ro/20 < 2 x 10-3, then |%| < 3-3 pA. The 
leakage component alone for a germanium transistor at 50°C 
(30 pA) would give excessive drift, so that a silicon planar type 
2N930 should be used, with an emitter current of no more than 
100 vA, giving Rio © 100 kQ. Ts may be silicon alloy or planar type, 
e.g. OC202, 28323, or 2N2906, etc., with emitter current of no 
more than 1 mA (so that base current < 30 uA), giving Ru = 5-6 
kQ. 

Drift caused by the synchronous rectifier Ty consists of its Veevsat.) 
and its Zepo. Voe(sat.) When divided by the gain of 20 will be negligible 
for any transistor suitable for chopping. Jeyo is more difficult to 
assess: when Sz opens, Jey. flows into Rg in parallel with C4 and Rg. 
If C4 were infinite and Rg were zero, no error would be caused, but 
in fact an immediate step of Iepo(Rs/Ro) occurs followed by a positive 
rise as Iepo charges C4. 

If Ievo is 1 pA, then the step error is (12 kQ//270) x 10-6 = 
0-16 mV, or 8 pV referred to the input. By the end of the open period 
for Se, Ca has charged by (LepoT/2)/C4 which is 


10-6 x 2-5 x 10-8 


atin 
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or 60 »V referred to the input. The sum of errors is tolerable, so that 
Ta may be a 28323 transistor. 

a.c. Amplifier. The circuits which are peculiar to the chopper have 
been dealt with and it only remains to specify the a.c. amplifier, 
which may then be designed using conventional techniques. 

The required a.c. gain depends on whether overall feedback is to 
be used and this depends on the conditions of operation and instal- 
lation. There are several causes of error: for example, mark/space of 
chopping, where the circuit is reasonably stable against ageing and 
temperature variation but where the absolute conditions have a wide 
spread. In such cases adjustment could be provided (such as one 
base resistor in the drive multivibrator or a gain control within the 
amplifier) to set this right in the factory. On the other hand, this 
involves extra labour and may be more costly than incorporating 
feedback which, especially in the rather wide gain tolerance per- 
mitted here (+10 per cent) removes the need for any adjustment. 

If feedback is to be incorporated, the expected maximum errors 
which would occur without feedback must be assessed. Experience 
helps to obtain the right order of tolerance and if in this example a 
variation of + 50 per cent in the overall gain, including the amplifier, 
is assumed, this will be a conservative estimate. This assumes that 
components which directly affect the gain are of +5 per cent toler- 
ance: this includes multivibrator resistors, Rg and Ro, and presupposes 
that the a.c. input resistance of the amplifier is to be much greater 
than Ry. 

Given this expected variation, a gain of 5 must be ‘thrown away’ 
in feedback to convert the +50 per cent into + 10 per cent. Amplifier 
gain must therefore be 20 x 5 x (chopper losses); chopper losses 
include a factor of 2 in synchronous rectification and further small 
losses such as Rg: Ro, loss in Ts and Tg, input resistance of the ampli- 
fier loading Rs, and non-unity mark/space. These would amount to 
no more than 30 per cent with reasonable design, giving an amplifier 
gain requirement of 130. 

Input resistance must be much greater than Rz, e.g. 1 kQ, and the 
output resistance must be much less than Rg, e.g. 20 Q, or alterna- 
tively included in Rg. Output current capability must be greater than 
10 mA. 

Bandwidth must be adequate to pass a square wave of 2:5 msec 
period without great deterioration, e.g. 50 Hz-3 kHz. Design can 
now proceed as described in Chapter 7 using two earthed emitter 
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stages followed by one or two emitter followers, the final one having 
a standing current in excess of 10 mA. This gives adequate gain and 
no overall signal inversion. The lower 3 dB cut-off frequency should 
be about 50 Hz. 


FEEDBACK CONSIDERATIONS 


Negative feedback is added by connecting RF from final output to 
the input chopper Si, the value being 20 x Rs, ie. 2 kQ. Since the 
loop gain is about 5, the system will be free from h.f. oscillations if 
the ratio of the two major lagging time constants is greater than 5. 
The main lags are RoCs, i.e. 12 x 108 x 50 x 10-6 = 06 sec, and 
one period of chopping, i.e. 2-5 msec (since no mean output change 
could occur faster than this even if RoCs did not exist). The ratio is 
240:1, so the system is stable. 


SUMMARY 
Design of a chopper amplifier is straightforward provided the 
principles are understood; the system can then be divided into 
individual circuits each designable by techniques discussed in earlier 
chapters. There is a large amount of choice in the design of every 
circuit involved; this gives the designer a good opportunity to test 
his judgement. 


Part two 


Special circuits 


10—Complementary circuits 


Complementary circuits’ is the name generally given to those 
circuits which employ both n-p-n and p-n-p transistors in such a 
way as to exploit their opposite bias polarities. 

Very often in ‘standard’ circuits using two n-p-n or two p-n-p 
transistors, one transistor can be changed for its opposite type. The 
result is a circuit which in many examples is more economical in 
components, and often a performance improvement is also obtained. 

Other complementary circuits are unique, not being derived from 
any ‘normal’ circuit. 

The examples which follow are by no means exhaustive but are 
intended to assist the designer in inventing his own circuits and 
variations on the ones discussed. 

It is often profitable when examining critically a newly completed 
design to consider the effect and possible improvement which would 
follow a change of any transistor in the circuit for its complementary 
version. 


COMPLEMENTARY BISTABLE NO. 1 


This circuit is derived from the two-state circuit given on page 69 
and reproduced below. 

If we replace Tz in Fig. 10.1 by a p-n-p transistor, remembering 
to reverse the polarities applied to collector and base relative to 
emitter, the circuit of Fig. 10.2 is obtained. As in the original circuit, 
this arrangement has two stable states. 

Assume, for example, Ti is ‘on’ and saturated. Then its collector 
is near zero potential, so that the current in Rg turns on Ts to satura- 
tion (with correct design). The saturation of Tz brings its collector 
potential to zero, so that current in R; maintains saturation of T1. 
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This is therefore a stable state. Now assume 7} is cut off, its collector 
potential being highly positive. With correct values the base of To is 
now positive, cutting off Tz. Its collector now falls negative, thus 
cutting off T;. This is also, therefore, a stable condition. 

The derived circuit has two stable states, as did the original version; 
the changes in polarity, however, result in several important differ- 
ences which are discussed below. 


Mp 


Fic. 10.1 Conventional two-state circuit 


=i 


Fic. 10.2 Complementary bistable No. 1 


First, instead of each transistor being ‘off’ while its partner is ‘on’, 
both are ‘off’ or ‘on’ together. 

Secondly, instead of each output alternately and oppositely going 
from earth to positive (or negative if p-n—p types are used), both 


outputs are near earth in one state, and in the other state one is 
highly positive, the other highly negative. 

Thirdly, the output waveforms of the two outputs of the original 
circuit each have a sharp fall and slow rise (the opposite for p-n—p 
types), whereas the complementary circuit has from T1 a sharp fall, 
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T, Collector voltage 


T, Collector voltage 
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Fic. 10.3 (a) Waveforms for conventional two-state circuit (Fig. 10.1) 


| 


T, Collector voltage 


T, Collector voltage 


(6) waveforms for complementary bistable No. 1 (Fig. 10.2) 


slow rise, and from Tz a slow fall and sharp rise (Fig. 10.3). 

Fourthly, the original circuit always requires a negative base drive 
to turn off either ‘on’ transistor, and the new circuit requires a 
negative drive on T; base to turn off T; or a positive drive on Tz base 
to turn off To. 
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There are many consequences of the above properties. 

The first result can be very useful where the circuit normally stands 
in its ‘off state’ with very low drain on the supply, yet, when turned 
on, delivers heavy current to two separate loads, from each saturated 
collector-emitter path. This same action also has its snags, since to 
turn off such a circuit two heavily saturated transistors have to be 
cut-off, which requires roughly twice the drive normally required to 
turn off the ‘on’ transistor in a normal two-state circuit. Moreover, the 
drain on the supply varies greatly in the complementary circuit 
according to the state of the circuit; in the original circuit supply 
drain is constant except during the transition between states. 

The second action of producing opposite polarity outputs is most 
useful and would probably be the main reason for using this circuit. 
Many additional components would be required to achieve this 
result in other ways, and the simultaneity of the output waveforms 
would generally not be so exact. 

The third effect, whereby simultaneous fast edges of opposite 
polarity are generated, is another valuable feature, enabling, by 
differentiation, fast positive- and negative-going pulses to be obtained, 
a frequent requirement in logic circuitry. 

The fourth characteristic of differing turn-off drives is merely 
different from normal and may be useful or a nuisance according to 
circumstances, 


COMPLEMENTARY BISTABLE NO. 2 


This complementary bistable is not derived from a conventional 
bistable but uses direct collector-base mutual connections between 
the two transistors (see Fig. 10.4). 

If Ti is assumed to be cut off, then its collector current will be 
small (Jcvo1). Provided (Zcvo1 + Ievo2)Re is too small to turn on Ta, then 
Tez also is cut off, its collector current having the value Jcpo2. Provided 
(Zevo2 + Ievo1)Ri is insufficient to turn on Ti, then T; is cut off, as 
originally assumed, confirming that a stable state exists where T; 
and Tz are both cut off and Vous is near zero volts (JcpoR2z). 

On the other hand, if T; is conducting such that J.1 Re turns on Ts, 
and if the current in T2 collector is such that J.2R: turns on Ti 
further, equilibrium is reached when T; or T2 saturates, i.e, a second 
stable state exists with both transistors conducting. Vou is now almost 
equal to Vy. 
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Since this circuit, like the previous example, has two transistors 
which turn off and on simultaneously, some of the points still apply; 
for instance, low quiescent current in the ‘off’ state, and the possi- 
bility of using either polarity of trigger for either changeover. 

The main feature, however, is the ability of the circuit to supply 
heavy loads with low transistor dissipation. This comes about 
because at least one transistor is saturated and the other very nearly 
so, and within limits a heavier load current results in still heavier 
available drive from Tj, since T; itself receives more base drive from 
the load current passing through To. This useful effect applies until 


Fic. 10.4 Complementary bistable No. 2 


eventually with very low values of Rz the load current is so great that 
the 6; of T; and T> fall. Ultimately, saturation is no longer main- 
tained and transistor dissipation rises causing catastrophic failure. 


COMPLEMENTARY EMITTER FOLLOWERS 


The emitter follower is one of the most widely used circuit con- 
figurations, and is particularly helpful in isolating a voltage amplifier 
from its load. 

The isolation produced by a single emitter follower is, however, 
very often insufficient, and it is common practice in such a case to 
use two emitter followers in cascade (see Fig. 10.5). 

Although this circuit is usually quite satisfactory, there are certain 
conditions, for instance, in d.c. amplifiers, where the input-to-output 
d.c. voltage drop, now equal to two base-emitter voltage drops, 
constitutes a serious disadvantage. The amount of this combined 
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voltage drop can be as high as 2 V and the associated temperature 
coefficient will lie between 4 and 5 mV/degC. 

An alternative arrangement which does not have this fault, and 
has another important advantage, is shown in Fig. 10.6 (a) and (5). 


Fic. 10.5 Cascaded emitter followers 


In the simple case where Rg is absent, T; collector current and Tz 
base current are equal. Hence, T; emitter current is 1/82 of Tz 
collector current, implying that most of the supply current J flows 
into Tz and 1/@2 of it flows into 7}. 


Vout 


Fic. 10.6 (a) Complementary emitter follower (1); (6) complementary 
emitter follower (2) 


The d.c. input-to-output drop consists of the Vie of T; only and 
calculation shows that in most respects the performance of the 
circuit is at least equal to that of Fig. 10.5. 

The main disadvantage of the complementary version in practice 
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is its liability to oscillation by the feedback loop Ti emitter—collector, 
to Tz base and collector, back to T; emitter. As in any feedback 
system, a total phase shift round the loop of 180 degrees will lead to 
oscillation if the loop gain then exceeds unity. It is shown in Chapter 8 
that the most likely conditions to satisfy these criteria occur when 
the phase-shifting circuit elements each have similar phase-frequency 
characteristics. 

Since Ti operates, so far as the feedback loop is concerned, in 
grounded base, and Tz is in grounded emitter, high-frequency 
oscillation is most likely to occur if the phase characteristic of a1 
approximates to that of a, i.e. fr, equal to fr,/P2. 

Using transistors of similar fy is therefore marginally safe, but it 
is preferable if fr, is much greater than fr,. 

As in many circuits where direct collector-base coupling is used, 
the addition of Re is desirable. Re is designed so that (Ico1 + Ico2)Re 
is insufficient to turn on Te. It can often be omitted if T: and Tz 
are silicon. 

This circuit has been used extensively in audio output stages since, 
in the form shown in Fig. 10.6 (6), the circuit as a whole behaves like 
a n-p-n transistor (i.e. it tends to turn on when driven positive), yet 
the main output current passes through Tz, which is a p-n-p type. 
In effect, therefore, a n—p-n power transistor (in itself a rare and 
expensive device for commercial audio equipment) has been ob- 
tained from a low power n-p-n and a power p-n-p transistor (both 
less expensive). 

In this application T2 would often be a germanium power type 
and therefore Re would have to be very small to ensure correct high- 
temperature operation (Icpo could be 10 mA at 50°C and Vey for turn- 
on could be 0-05 V, giving Re < 5 Q). Fortunately, high-temperature 
working is not normally important in these cases and a relaxation 
can be permitted. Some commercial designs are, however, question- 
able on this design point, and fail catastrophically even at 35°C. 

The best arrangement is to return Re to a higher potential than 
Tz emitter either by using an additional supply rail for Re or by 
adding diodes or a Zener diode in series with Tz emitter (Fig. 10.7). 
The value for Re now becomes larger, since the voltage which 
Tevo2Re must not exceed is not 0-05 V, but (0:05 + Vi) where V1 can 
be typically 1 to 4 V, giving Re a value from 20 to 80 times its value 
in Fig. 10.6 (6). 

Another difficulty which arises in the design of emitter followers 
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occurs in stabilizer and power amplifier output circuits. Using the 
simple configuration of Fig. 10.5 to drive a heavy load requires the 
first transistor to carry 1/82 of the load current, and a mean collector— 
emitter voltage which is the same as for Tz. Typical values for a 


Fic. 10.7 Modified form of Fig. 10.6 for high-temperature operation 


stabilizer are Ipg = 2 A, Veco = 15 V; Ti carries Ie1 = 2/8 A, e.g. 
80 mA, at 15 V, so that the power dissipated by T; is 1-2 W. 

In such a case Ti must therefore be more than a small-signal 
transistor, and, in fact, power transistors are often used for both T; 
and Ts. Apart from the obvious disadvantages of size and cost, a 


Fic. 10.8 Power-drive circuit 


more subtle difficulty arises: the previous stage, probably the collector 
circuit of an amplifier, now has to drive T;, the leakage current of 
which is likely to be 10 mA at an ambient of 50°C. Thus, yet another 
emitter follower may have to be used to drive Ty. 

The circuit of Fig. 10.8 overcomes this problem. Here the current 
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in T; is still J¢o/82, or 80 mA in the above example, but the Vec for Ti 
is only the base-emitter drop of Tz, which may be 0-3 V. The power 
dissipated in T; is now only 24 mW and a low-power type having 
a maximum leakage current of perhaps 100 pA at 50°C, if german- 
ium, or 5 pA, if silicon, can be used. Hence, the two snags outlined 
above for the normal circuit are overcome. 

The difficulties which have now been solved are replaced in part 
by the problem of designing Ri in Fig. 10.8. In order that T; should 
never cut off, Ri must always pass a current greater than Je2/f2, 
under any condition of supply voltage. If Vous is, for example, 40 V 
and V;, varies from 50 to 60 V (quite normal for a stabilizer output 
circuit), then for a load current of 2 A and {2 of 25, the current in Ri 
must exceed 2/25 A, i.e. 80 mA when Vp is at 50 V. Ri must therefore 


Fic. 10.9 Modified version of power-drive circuit (Fig. 10.8) to increase 
Vee for Tr 


be less than (50 — 40)/80 kQ, ie. 125 Q. At the other limit of Vn 
(60 V) Ri will therefore pass (60 — 40)/125 A, i.e. 160 mA. 

This results in T; having to pass a maximum current of, in this 
example, twice the amount normally to be expected. Fortunately, 
power rather than collector current determines the physical size and 
therefore leakage currents for a transistor, so that in many instances 
this circuit is advantageous. 

A second, less serious difficulty occurs when the emitter—base 
voltage drop of Tz is insufficient for the type of transistor intended 
to be used for Ti. This is readily overcome by the addition of a 
diode in series with Tz emitter, as shown in Fig. 10.9. 

In compensation for these difficulties in fixing the operating condi- 
tions of Ty, the circuit has the property that temperature rise, which 

N 
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above all causes the Icy of Tz to increase, tends to turn T; on rather 
than off. 


COMPLEMENTARY AMPLIFIERS 


Naturally, complete amplifiers may well contain a mixture of p-n-p 
and n-p-n transistors; the intention in this section is to deal with 
circuits where p-n-p — n-p-n pairs are used to obtain a special 
advantage. 

The compound emitter follower configuration already described 
by Fig. 10.6 can also be used as a voltage amplifier by regarding the 
emitter of the second transistor as the collector of a new transistor, 
as illustrated in Fig. 10.10. The ‘transistor’ thus synthesized has 


2 2 


3 3 
Fic. 10.10 Equivalence of complementary circuits to single transistors 


approximately the same gm as a single transistor run at the same 
current, but its apparent current gain is equal to 8182. 

This is the basis of a well-known differential amplifier first de- 
scribed by Bénéteau and reproduced in its simplest form in Fig. 
10.11. As is evident from the above comments on the compound 
transistor of Fig. 10.10, this circuit behaves like a normal emitter- 
coupled pair with high input impedance, as high as if emitter follower 
drivers were added but without the inconvenient Vye drops which 
would then result. The further development of the circuit by replacing 
Rez with a constant-current device and by coupling into a further 
similar stage results in exceptional performance with regard to gain 
and drift. 
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A particularly useful feature of the compound transistor is the 
ease with which a single-transistor stage can be changed into the - 
compound form. The need for this can arise if the input resistance of 
a single stage has to be increased using the minimum of extra com- 


Fic. 10.11 Bénéteau’s differential amplifier 


ponents and a simple emitter follower cannot be added because of its 
additional Vpe drop. This can occur following a modification to 
specification or from a previous design error. Fig. 10.12 illustrates 
the necessary reconnection. 


Fic. 10.12 Practical complementary modification: (a) before, (b) after 


Another method which exploits the interconnection shown in 
Fig. 10.6 to form an amplifier is shown in Fig. 10.13. This circuit is 
easily proved to have a gain of approximately (Ri + Re)/Re. Tran- 
sistor parameters have little influence on the gain, so that although the 


188 ELECTRONIC DESIGNER’S HANDBOOK 
input and output are in phase, the circuit behaves like a normal feed- 
back amplifier having a loop gain of Be. 

Hence, the output impedance is Ri/82 and input impedance is 


a} 
Fic. 10.13 Complementary feedback amplifier 


BiB2Re. These are approximations which may be deduced from 
equivalent-circuit analysis (see Chapter 4). 


Complementary Differential Amplifier 

If one transistor of the emitter-coupled amplifier described in 
Chapter 4 is replaced by a complementary type, the circuit of 
Fig. 10.14 results. 


Fic. 10.14 Basic differential complementary amplifier 


As it stands, this will not operate in a linear manner, since both 
transistors are cut off. Returning T; base to a more positive potential 
than Tz base ensures current flow but the collector current is then 
undefined. A simple method of ensuring correct biasing is shown 
in Fig. 10.15. 
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Here Vi, and V2 are defined by Ri, Re, Rs, and Vy, and the result- 
ing collector currents are each equal to (Vip — V2»)/Re, neglecting 
Voe drops. 

The main difference between this circuit and the standard emitter- 
coupled pair is that there is now no need for a resistor to supply 
current to T; and Tz from the zero or negative line. 

It was shown in Chapter 4 that the presence of this resistor is the 
main cause of the undesirable ‘push-push’ gain of the normal 
circuit: for good ‘push-push’ rejection this resistor is usually replaced 
by a constant-current source. 

Hence, one might expect the complementary circuit to have good 
‘push-push’ rejection without additional circuitry. This proves to 


+My 


Fic. 10.15 Practical version of basic differential complementary amplifier 
ig. 10.14) 


be true and the offsetting disadvantage is that inputs must be a.c. 
coupled unless the signal sources happen to sit at two suitable d.c. 
levels. 

Design procedure is simple: Ri,2,3 are chosen so that the drop 
across Rg is large compared with Vo. but not so large that Ti or Ta 
bottoms on large output swings. Re is chosen to give correct emitter 
current to supply the required load Rzi and Rz2. For maximum avail- 
able output Re, Rri, and Rrz are chosen so that Voi (Vee) are half- 
way between Vp1(2) and Vp(eartny. If only one output is required, the 
other load can be short-circuit without noticeably affecting ‘push- 
push’ rejection. 

The choice of C, is dictated by the same considerations as in a 
normal earthed emitter amplifier, but care must be taken in a wide- 
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band amplifier that C, is made no larger, physically, than is 
necessary. This is important because at high frequencies the stray 
capacitance from this large component to earth causes degradation 
in the ‘push—push’ rejection. 

Another design point is that C; and C2 must be so large at the 
lowest operating frequency that each input signal reaches its tran- 
sistor base circuit without appreciable loss. Clearly, this criterion 
would be applied as a matter of course in order to avoid loss of gain, 
but the issue is more critical than this. If C; and C2 are not large 
enough and if T; and Tz are not identical (a likely condition, since 
n-p-n and p-n-p types rarely match precisely), then unequal signals 
will reach T; and Tz base, even if identical inputs are applied to 
Input 1 and Input 2. 

If this amplifier were designed to be 3 dB down (at the low- 
frequency end) at 50 Hz and this falling response were achieved 
by allowing loss across C; and C2 at this frequency, then push-push 
rejection of hum signals would be degraded very severely owing to 
unequal losses in Ci and C2. A better way of producing the fall-off 
would be to design C;, sufficiently small for the purpose. This is still 
not recommended, however, since slight degradation is still caused 
(push-pull gain falls but push-push gain is unchanged), and the 3 dB 
point is badly defined (circuit is 3 dB down when 

=(L,1 5,20, Re 
aoe eae Zma ’ Bi * Be WR 
which depends greatly on transistor parameters). 

The best procedure is to degrade the frequency response in a later 
stage where push-push rejection is no longer a problem. This is also 
the best procedure for the minimizing of circuit noise produced by 
Ti and To. 

The virtues of this circuit were brought to the author’s attention 
by John Murray of Marconi Instruments Ltd. in connection with a 
low-level transformerless balanced amplifier. 


11—Wide-range voltage-controlled oscillator 


The frequency of either sine-wave or square-wave oscillators can be 
varied by changing the value of one of the frequency determining 
elements. When the frequency is to be varied over a wide range it 
is necessary in many circuits to vary two or more of these elements 
simultaneously in order, first, to achieve the required frequency 
swing and, secondly, to maintain constant amplitude at various 
frequencies. 

When there is a requirement for a remotely controlled oscillator 
or where a feedback system calls for an oscillator whose frequency 
is to be controlled by a d.c. level (as in a frequency lock or a phase- 
lock loop) the normal methods of frequency control become un- 
wieldy or impossible. 

The voltage-controlled oscillator to be described is essentially a 
multivibrator using emitter circuit timing, so that the main output 
is a square wave, ideally suited to driving mixers. Because of the 
emitter circuit arrangement, however, a triangular waveform of 
constant amplitude is also available and this in turn can readily be 
shaped to a sine wave. The oscillator frequency is directly propor- 
tional to control-voltage over a wide range and the circuit has good 
temperature-stability. 


BASIC CIRCUIT 

This circuit has the unique property that an attempt to calculate com- 
ponent values without appreciating exactly how it operates usually 
results in a circuit which produces twice the expected output at all 
four output terminals for two quite different reasons. 

To appreciate the operation of Fig. 11.1, assume that /; and Js are 
perfect constant-current sources and that T; is conducting and Tz 
cut-off, i.e. Tz emitter is negative with respect to Tz base. Assume 
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further that R3 and R4 are much smaller than Rj,2,5,6, and that 
voltage excursions are such that bottoming does not occur. 

At this time Tz collector current is zero, so that Tz collector 
voltage is near zero and T, base is VpRo/(Ri + Re) positive. Since 
T: is conducting, T1 emitter potential is just above VpRo/(Ri + Re). 

Consider now the current in T, emitter. It is not merely h, but 
(h + Je), since, Tz being cut-off, J; must be charging C and adding 
to J; in T; emitter. Hence, T; collector current is (4; + J2) and T; 
collector potential is (J; + J2)Rs volts positive. 


TE output 1, output 


Fic. 11.1 Basic circuit of emitter-coupled multivibrator 


A simple Ohm’s law calculation shows that T2 base potential is 
VpRo/(Rs + Ro) + (hi + J2)RaRs/(Rs + Re) volts positive. 

These are therefore the conditions which exist whenever Te is cut 
off, and similar expressions apply for T; cut-off (see Fig. 11.2). 

Continuing the train of events, C is being charged by Je and since 
its T; emitter connection is fixed, just positive to Ti base, Tz emitter 
rises linearly at a rate of I2/C volts/sec. (since ¢ = Int = CV). When 
Tz emitter becomes just positive to Tz base, Tz begins to conduct, 
causing Ts collector and, hence, T; base to rise sharply. Since Tz is 
conducting, Tz emitter cannot rise and, hence, T; emitter cannot 
follow the sharp rise of T; base, because C would have to charge 
instantly. T; therefore cuts off. 

As soon as T; cuts off, its collector potential falls to zero, a change 
of ( + Js)Rs volts, and Tz base therefore falls by (1 + I2)RsRs/ 
(Rs + Re), causing Tz emitter and because of C, Ti emitter to fall 
by the same amount. 


WIDE-RANGE VOLTAGE-CONTROLLED OSCILLATOR 193 


Slope /,/C V/sec. 


ht LYRRMR ARYA (+l) RP) (Ret Re) 
"oR 
NS Thee T) emitter 
Feit a Voltage 


Zero volts —» — -----——-———~—--—-~----—--— 


(th) R Pel (Regt Red 
gS I: sass 
voltage 


hak Sane) Daren pe Wena Bd Ld 
Zero volts —> - — —== = — oe voltage 


(1, +1_)R Rel Ret Re) 


(YR LR, AR, +R) Slope 4,/C V/sec. 
Vy R 
aR ee I emitter 


voltage 
Zero volts—» ——~—————~~—~~-—~—-———-----— 
(+b IRR /R+R) 
\R; 
ea a a 
Bs h base 
a voltage 


Zero volts —» —— —~—-—-—— —~-—------—------ 


(+l )Ry —» --- 


] T, collector 


Zero volts > == — —-— —-+=~4t-—---- volton? 


Fic. 11.2 Waveforms for circuit of emitter-coupled multivibrator 
(Fig. 11.1). Magnitudes are approximate and assume R3 < (Rs + Re), 
Ra < (Ri + Ra) 


Also, when Ti cuts off, the current (4; + J2) now flows into Ts, 
raising its collector by (i + J2)R, and therefore raising T; base by 
( + J2)RaRi/(Ri + Re). 

Hence, immediately T, cuts off, its emitter and base potentials 
(which were virtually equal during the conduction of T;) have moved 
in opposite directions by the amounts given and at the end of the 
transition differ by a voltage of 


(h + 22)RsRs/(Rs + Re) + (i + J2)RaRi/(Ri + Re) 
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C now charges linearly from at a constant rate of 4/C V/sec 
until T; emitter potential again becomes just positive to Ti base. 
Since neither base potential changes during this charging period C 
has to charge by the voltage quoted above. 

Thus the amplitude of the emitter waveform with T, cut-off is 
(h + J2)R3R5/(Rs + Re) + (i + J2)RaRi/(Ri + Re) and the time 
for which T; remains cut-off is 


C[R3R5/(Rs + Re) + RaRi/(Ri + Roh + b)/h 
Similarly, the amplitude for Tz cut-off is the same and the time is 
C[R3Rs/(Rs + Re) + RaRi/(Ri + Re) + 12)/Ie 


Special Case 

The above expressions apply for any values which are in accord- 
ance with the assumptions made. In practice they are approximate 
because Rg is not negligible compared with Ri and Re, but having 
appreciated the function of the circuit the designer can readily 
modify the calculations by writing for Rq the parallel combination 
of R4 with R; plus Re, a substitution very simply done arithmetically 
but cumbersome algebraically. 

Careful examination of the results reveals that for a symmetrical 
design where Rs = Ra, Ri = Rs, Ro = Re and i = Ig = IJ, the 
voltage sweep on T; or Tz emitter is 47R3Ri/(Ri + Re), the half- 
cycle time is 4CRgRi/(Ri + Re), and the output voltage swing from 
Ti or Tz collector is from zero to 27Rs. 

The most striking feature of the above result is that the half-cycle 
time is independent of the value of J, yet this is the current which 
directly determines the charging rate of C. The reason is that J also 
determines the voltage by which C must charge, and since both this 
and charging rate are linear functions of J the charging time for C 
remains constant. 


Two Common Difficulties 

There are two difficult points in the action of the circuit which can 
lead if misunderstood to expecting half the output voltage actually 
obtained. 

The first concerns the emitter current of the ‘on’ transistor, which, 
as pointed out, is (4 + J2), not merely J; or Je. If this is difficult to 
accept, consider the moment when both transistors are conducting, 
a condition which exists transiently during the switching-over at the 
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end of each period. Now, assume one or other transistor, e.g. Ts, 
cuts-off because its base is driven suddenly positive. It is clear that 
Tz emitter cannot follow a sudden change, since an enormous current 
would be required to charge C rapidly and its T; end is anchored 
to Ti emitter. Hence, T2 emitter suddenly appears to become open- 
circuit. J, continues to flow and its only path is through C into 
Ti, adding to 4. Even though C now charges, Jz remains constant, 
and the current in T, remains equal to (/; + J2) until the end of 
that period. 

If this point is not appreciated and J; equals Jo, the output voltage 
of 2/,Rs is twice the (wrongly) expected Rs. 

The second point which can easily be missed even though the first 
is understood, arises when considering the emitter waveforms. Tak- 
ing the case when To is off because its emitter is more negative than 
its base, Tz emitter is rising linearly because J is charging C and 
reaches the level when Tz conducts. 

Two things now happen. First, because Tz conducts, Ti base 
potential rises rapidly to the level at which it will remain throughout 
the ensuing period; this leaves T; emitter at the potential T, base 
had previously remained at while Tz had been ‘off’. Secondly, be- 
cause T; cuts off, Tz base falls to the level at which it will now remain, 
pulling Tz emitter and, because of Ci, Ti emitter, more negative by 
the same amount. 

The two sudden steps, the upward step of T; base and the down- 
ward step of Tz base and emitter and T; emitter are equal if the 
circuit is symmetrical, and a common mistake is to suppose that the 
potential now existing between T; base and emitter is only the 
magnitude of one such step instead of two. 

This leads to underestimating the voltage waveforms on T; and 
Tz emitters and also the timings by a factor of 2. 

If both the above errors are made, the timing calculation is wrong 
by a factor of 4. 


Voltage Control for the Circuit of Fig. 11.1 

The above discussion of the circuit of Fig. 11.1 has shown that 
although the charging rates for C are proportional to the values of 
J; and Je, the cycle time tends to remain constant. 

If, however, the voltage steps on T; and Ts collector are made 
constant, the voltage excursions of C are fixed and timing can be 
varied by controlling /; and Js. 
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This is readily achieved by catching the collectors as shown in 
Fig. 11.3. Provided (1 + J2)Rs and (J; + J2)Ra exceed the clipping 
voltage, the collector swings will now be fixed for all higher values 
of J; and Je. 

The symmetrical case is of special interest, since the unity 
mark/space square wave available from each collector is ideal for 
driving a mixer for use in a beat-frequency oscillator or in a 
frequency or phase-lock loop. In this case each base excursion is 
(Vp + Vz)Ri/(Ri + Re), where Vp is the forward drop of Dy or Dz 
giving emitter swings of 2(Vp + Vz)Ri/(Ri + Re) and a total 


Fic. 11.3. Clipping circuit 


cycle time of 4(C/I)(Vp + Vz)Ri/(Ri + Re), or a frequency of 
(Ri + R2)/4C(Vo + Vz)Ri Hz. 

Frequency is therefore directly proportional to J, and it only re- 
mains to provide voltage-controlled high-impedance (i.e. ‘constant- 
current’) sources of current. Figure 11.4 shows a suitable circuit in 
which the collector currents of two transistors Ts and T4 are defined 
by the emitter resistors R7 and Rg (equal for symmetrical outputs) 
and the applied voltage Vc. 

Provided Ve greatly exceeds Ve» for T3 and Ta, the value of J is 
Vc]Rz and the frequency is Vo(R1 + Re)/4CVzRiR7 Hz. The range 
of control begins at the value of Vc which produces sufficient current 
in Rg and Rg to reach the clipping level Vz, and ends when either Ve 
is so large that Ts, Ts bottom or the value of J produced by Vo is so 
large that transistor or clipping diode ratings are exceeded. Linearity 
of control will normally be lost before ratings are exceeded, since 
at high current levels the base currents of T; and T» will affect the 
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voltages on the bases in an unpredictable manner (8 has a wide 
tolerance). 


Performance of the circuit of Fig. 11.4 

The practical performance of this circuit is as predicted; the ratio 
of frequency limits depends on the linearity required, but typically 
20:1 frequency swing with +5 per cent linearity with applied voltage 
can readily be achieved. 

The square-wave constant-amplitude output from the collectors 
is obviously useful, but the peculiar emitter excursions would appear 
to have little application. Between the two emitters of TiTs, i.e. 
across the capacitor, however, is a linear triangular waveform having 


Fic. 11.4 Voltage-controlled oscillator 


no noticeable spurious features. Since only a small amount of shap- 
ing is required to convert a triangle into a sine wave, the circuit can 
be used to produce a controlled sine-wave oscillator by adding a 
difference amplifier between the emitters of T;T2 and shaping the 
output. This is particularly useful at low frequencies such as 1 Hz 
and slower, since a normal ‘tuned’ oscillator cannot change its fre- 
quency in a time comparable with one cycle of oscillation, whereas 
the circuit used here can change its frequency at any time during a 
cycle (because changing J immediately changes the rate of rise of 
capacitor voltage). 

Temperature effects in Fig. 11.4 which affect frequency most are 
Ve variations in T3T4 which cause a linear increase in frequency 
corresponding to the same variation of Ve, i.e. 2 mV to 2-5 mV/degC. 
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Other effects are resistor drift and change in Vz and in forward drop 
of the clipping diodes. Transistor collector leakage current in TsT4 
and emitter leakage in T;T2 change the charging current of C, and 8 
changes in T1T2 cause changes in their base potentials when con- 
ducting. 

Most of these effects are small in a good design. Ve» changes in 
TsT4 are best balanced by another semiconductor junction; one 
method is shown in Fig. 11.5, the additional transistor having also 
the useful effect of reducing the loading on the control source Ve. 
Resistor drift need not exceed a few per cent and in a critical design 
precision types could be used giving 0-1 per cent. Drift in Vz and the 
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Fic, 11.5 Use of extra transistor for Vgg compensation 


catching diodes more or less cancel each other if the Zener diode has 
a positive temperature coefficient of about 2 mV/degC, so its voltage 
should if possible be 6:8 or 8-2 nominally. Effects of transistor 
leakage depend on the values of J and resistors Ri, Re, Rs, Re; at 
maximum operating temperature the J» of T;,2 must be such that 
the voltage movement it produces on Tj,2 base, namely Jcpo(Rs//Re), 
is negligible and the Joyo of Ts,4 must be much less than the minimum 
value of J; these requirements often dictate the use of silicon tran- 
sistors. 8 should be so high that base currents in T;, T2 produce 
negligible voltage changes at T:, Tz base at the lowest temperature 
of operation. 
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Attention to the above points will normally reduce temperature 
effects to a frequency change of a few per cent over a 50°C tempera- 
ture range. 

Refinements. If the oscillator is required to operate at frequencies 
above 100 kHz it is advisable to add coupling capacitors in parallel 
with Re and Re to offset the input capacitance of Ti, Tz and en- 
sure sufficient loop gain during the transition. The time constant 
associated with these capacitors should be short compared with a 
half-cycle of oscillation or, alternatively, very large, so that the 
collector excursion is coupled in full to the opposite base. Another 
method is to replace Re, Re by Zener diodes to ensure good coupling 


Fic. 11.6 Zener diodes used for coupling 


at all frequencies, but since these need to operate at a few milliamps 
to be effective, emitter followers are then required as shown in 
Fig. 11.6. 

It is desirable in some applications to have a means of setting up 
the clipping level of the collectors of T1, Tz. The simple replacement 
of the Zener diode by an adjustable resistor chain is usually in- 
sufficient in practice, because the clipping level will rise as the value 
of J is increased; since the mean current into the clipping point is 
changing, decoupling the resistor chain does not effect a cure. In 
such a case the use of transistors instead of clipping diodes is 
necessary in order to avoid a very-low-resistance chain causing 
excessive drain from the supply (Fig. 11.7). 

Transistor types. It is to be noted that T; and Tz experience large 
reverse emitter-base potentials and should therefore be of alloy 
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construction. Alternatively, protection diodes may be added in series 
with the emitters of T; and Tz. In other respects almost any tran- 
sistor will be satisfactory, high-gain types being preferred for Ti, Tz 
in order to have small base currents. 

Frequency limitations. The lowest usable frequency is reached 
when (1) the leakage currents of the transistors begin to affect 
appreciably J;, Jz, a practical lower limit for i, Jz being 50 uA when 
operating up to 70°C; and (2) the value of C is so large that the 
required accuracy for the application cannot be obtained. Note that 
if an electrolytic capacitor is used, it must be of the reversible type. 

The upper frequency limit is reached when the transition time 
becomes comparable to the half-cycle time, when amplitude and 
waveform become unpredictable. This is mainly limited by transistor 


Fic, 11.7 Transistors used for clipping 


Sv and collector base capacitance, both of which are partially offset 
by the use of coupling capacitors. 

Triangular and sawtooth outputs. As pointed out at the beginning 
of the chapter, this circuit is useful in having a triangular waveform 
available across the timing capacitor C. This waveform is free from 
significant spurious content; in particular, no noticeable kink is 
present at the peak. 

Because of the peculiar manner in which this triangle is generated, 
however, there are difficulties in converting this floating waveform 
into an unbalanced output, i.e. with one output connection to 
supply-common. 
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Figure 11.2 shows the two emitter waveforms, and it is clear that 
the difference between the two forms a triangle waveform with no 
vertical jumps at the transition, even in the asymmetrical case shown: 
the lack of symmetry merely causes the up and down slopes to be 
different. The problem arises in attempting to obtain the exact 
difference. 

As was discussed in Chapter 4, a practical difference amplifier has 
certain deficiencies, the most important of which is the presence of 
‘push-push’ as well as ‘push-pull’ gain. That is to say, the output 
will consist of the wanted signal, which is a multiple of the difference 
between the two input signals, and an unwanted signal which is a 
different, usually smaller, multiple of the sum of the two input 
signals. 

For two sine wave input signals of the same frequency, the practical 
result is that two large signals give a larger output than two small 
input signals, even though the difference between the two inputs is 
the same in each case. Thus, the magnitude of the output is in error 
but no waveform distortion results. 

The same result occurs, in fact, whenever the two inputs have the 
same shape at the same times, only the amplitudes being different: 
the output may be wrong in amplitude but is not distorted in shape. 

In the case of the two emitter waveforms for T; and Te, this condi- 
tion does not hold, even in the perfectly symmetrical circuit, since 
when one emitter moves the other is stationary. The waveform likely 
to result from passing these signals through a difference amplifier of 
poor ‘push-push’ performance is shown in Fig. 11.8. Here the push- 
push and push-pull gains are assumed to be 4/10 and A, respectively, 
and the output is seen to contain vertical steps at the triangle peaks, 
the magnitude of these steps being 1/10 of the peak-to-peak voltage 
of the triangle. 

When examining this triangle waveform using a single input 
oscilloscope, these steps sometimes appear owing to the large capaci- 
tance which may exist between the oscilloscope ‘common’ and the 
transistor circuit power supply common through the mains wiring. 
This puzzling effect is avoided by operating the circuit from batteries 
or by the use of an oscilloscope with a balanced input, i.e. a differ- 
ential amplifier. 

The above special case in which the push-pull to push-push gain 
ratio is 10 to 1 may at first seem an improbable condition, since 
a typical rejection ratio for a straightforward emitter-coupled 
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difference amplifier is 50 to 1, which would give only 2 per cent steps. 
In designing such an amplifier for extracting the triangular waveform, 
however, it soon becomes clear that unless special measures are taken 
the magnitude of the capacitor signal, usually several volts, will 
severely overload the emitter-coupled pair. Attenuating resistor net- 
works cannot normally be used, because resistive loading on the 
capacitor will cause the charging current to vary, giving non-linear 
sides to the triangle. 

The simplest solution is to add emitter resistance to the coupled 
pair (Fig. 11.9); correct values of all three emitter resistors then 


T, emitter voltage (¥,;) ~< oe --- 
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Fic. 11.8 Effect of ‘push-push’ gain when taking difference of V1 and Vg2 


ensure that neither transistor cuts off at extremes of input swing. 
Unfortunately, this necessary modification to the emitter-coupled 
pair leads to a very poor rejection ratio, quite often only 2 to 1, for 
reasons explained in Chapter 4. 

Hence, it is further necessary to replace R in Fig. 11.9 by a constant- 
current transistor source which restores the rejection ratio to typically 
500 to 1. The magnitude of the step is now likely to be only 1/500th 
of the total triangle. This differential amplifier is shown in Fig. 
11.10. 

Properties of the triangular waveform (given by the circuit of Fig. 
11.10 combined with Figs. 11.4, 11.5, 11.6, or 11.7). (a) Each half- 
cycle is linear immediately after the transition, i.e. no rounding of 
corners. (b) Frequency is variable by change of C, variation of Ve, 
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Fic. 11.9 Reduction of gain by extra emitter resistance, leading 
to poor rejection ratio 


From T, 
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7 emitter 


emitter 


Fic. 11.10 Addition of constant-current source to restore good 
rejection ratio 


or by change of R7 and Rs. Amplitude remains constant unless V; or 
Rz or Rg are so chosen to cause emitter current(s) to reduce below 
critical level, at which clipping of collector waveforms takes place. 
(c) The two slopes are respectively inversely proportional to R7 and 
Rs, a ratio of 20:1 being readily obtained. (d) The rectangular 
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collector waveforms of T; and T: correspond in their vertical edges to 
the two peaks of the triangle. (e) The frequency can be changed very 
rapidly (e.g. in a few microseconds at any frequency), since change in 
Ve produces a rapid change in charging currents as soon as Ts, Ts 
respond. 


Improvements 

Where great precision and stability of frequency is required, the 
circuits described in Chapter 16 of Circuit Consultant’s Casebook 
(Business Books, 1970) may be used instead of the simple constant 
current transistors Ts and T4. 


12—Ultra-high gain in one stage 


Very often the open-loop gain required in a feedback amplifier is 
more than can normally be obtained in a single stage of transistor 
amplification. The use of two conventional stages brings with it 
several disadvantages: in a feedback amplifier the two separate 
phase shifts thus produced at high frequencies, each phase shift 
reaching 90 degrees, cause difficulty in loop stability (see Chapter 8); 
ripple on the supply lines and slow supply variations enter the input 
of the second amplifier through the collector loads of the first, and 
appear in amplified form at the output; owing to coupling losses the 
resulting gain is rarely as high as the square of the gain of one stage; 
finally—a very practical point—incorporation of the extra stage in 
an existing equipment containing only one stage is difficult to carry 
out. 

There is therefore good potential usage for a circuit which gives 
very high stage gain by simple means. 

The circuit to be described, although by no means of universal 
application, is often suitable for use within feedback amplifiers and 
particularly in d.c. stabilizer loops where very high gain is often 
required. 

Since a detailed examination of the circuit reveals it to have 
several incidental advantages, which in many stabilizer applications 
are even more useful than the high gain, its use may well become 
standard practice in stabilizer design. 


BASIC IDEA 


The approximate voltage gain for an earthed emitter amplifier is 
gmRx. The only obvious way to increase the gain when using a 
particular transistor is therefore to increase Rz. With normal supply 
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voltages, however, raising Ry, implies lowering the transistor oper- 
ating current to maintain a suitable collector voltage. When this 
current is reduced, gm falls, and below a few hundred microamps gm 
is directly proportional to the operating current. This means that as 
Rz is increased and J, reduced appropriately the gain tends to remain 
constant. Finally, at low currents, gm falls more rapidly than current 
and the gain falls. 

What is required, therefore, in order to make the idea practical 
is a collector load of high incremental resistance but low static 
resistance. A suitable load would be the collector circuit of a second 
transistor, since provided current directions are correct it could pass, 
for example, 1 mA and drop 1-20 V and yet present a high incre- 


Fic. 12.1 Basic idea for ultra-high gain amplifier 


mental resistance in the region of a few megohms. It is shown in 
Appendix 4 that the incremental resistance obtained varies from 
r-/8 to re, depending on the external emitter load R, of the transistor; 
values of Re exceeding a few kilohms give very nearly r¢ for typical 
small-signal transistors, and r, has a magnitude of a few megohms. 

To suit current flow the amplifier and load transistors must be of 
complementary types, so that no resistor is required to supply the 
operating currents, since this would shunt the load circuit. The basic 
circuit is then of the form shown in Fig. 12.1. The gain to be ex- 
pected from this arrangement is not gmirce, as the approximate 
formula would suggest, since that formula applies only when Rz < 
re/®, but is approximately r¢/r», as shown in Appendix 4, which is 
typically 750 for most small-signal transistors. 
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In the form shown in Fig. 12.1 the circuit is impractical for two 
reasons. First, any slight inequality between the collector currents of 
T; and Tz will cause one or other transistor to bottom; secondly, any 
normal load placed at the output will reduce the load, and therefore 
the gain, considerably. 


Practical Circuit 

To make the circuit of Fig. 12.1 usable, the common collector 
potential must be defined and buffering must be provided between 
the collector junction and external loads. This can be achieved as 
shown in Fig. 12.2 by the use of a compound emitter follower in 
conjunction with a d.c. feedback loop. The operating current of Tz 


Typical _values 


Fic. 12.2 Practical circuit for ultra-high gain amplifier 


is set by Ri, Re, and Rs. If it is assumed for the moment that T is in 
normal conduction and that its base current can be neglected in 
comparison with the current in R4, then the current in R4, which is 
approximately equal to Vn/R, must flow through Rs so that Rs 
drops VnR5/Ra volts and T4 emitter sits at +-VnRs/Ra. The Ti/Ts 
collector junction will be slightly more positive, and since this can 
happen only if T; is in normal conduction and passing a current 
equal to that in T2 (less the base current in Ts), the first assumption 
is correct. The second assumption (small base current in Tj) is also 
correct provided the current in R4 is made large compared with the 
current defined in Tz emitter divided by Be. 

Thus, the Ra, Rs feedback circuit fixes the working currents and 
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voltages correctly, and Ts, Ts provide buffering. In Fig. 12.2 the gain 
from input 1, i.e. from the base of Ti, to the output at T, emitter is 
about 750. On the other hand, the gain from input 2, i.e. through Rs 
is about R5/Rs, provided Rs5/Rs < 750, and the circuit has the 
properties of a typical feedback amplifier having an open-loop gain 
of several hundreds. 


Applications 

It appears from the above paragraphs that to make any practical 
use of the original idea no less than four transistors per stage are 
required. One could well argue that the transistors would be better 
used in a simple two-stage amplifier with interstage buffering. In 
general this is true, but there is one particular application where the 
circuit is economic and, moreover, investigation reveals it to have 
many virtues quite apart from high gain. 
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Fic. 12.3. Conventional stabilizer 


This application is the direct voltage stabilizer. Figure 12.3 shows 
a conventional circuit which has already been discussed in Chapter 9. 
It will be noticed that this circuit bears a strong resemblance to that 
of Fig. 12.2, in that a feedback loop defines the collector voltage of 
Tz, and emitter followers Ts and T4 provide buffering between Tz 
and the output load. Conditions are therefore ideal for replacing the 
amplifier collector load Rg by a suitably biased p-n-p transistor. 
This is shown in Fig. 12.4, where RgRo and Rz determine the current 
in T5; Tz is forced by the loop to take the same current as Ts (less 
the current in Ts base), since if these currents were unequal either 
Tz or Ts would bottom. Rg is preferably designed to pass twice the 
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current of Ts, since this will result in equal currents in T; and Tz, 
giving best balance between them for temperature drift (see Chapter 
2). It may, of course, be necessary in stabilizers for heavy currents 
to add another emitter follower between T2Ts and Ts or to convert 
Ts into a compound emitter follower by adding a p-n-p transistor 
(see Chapter 10). 

In the circuit shown in Fig. 12.4 a gain of about 750/2 is achieved 
in the Tz stage (an emitter-coupled pair of similar transistors has 
half the gain of the corresponding earthed-emitter stage) as compared 
with about 25 in the conventional circuit. 
+¥in(de) 
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Fic. 12.4 Stabilizer—first modification 


Self Balancing Stabilizer 

Before considering the final development of this circuit, it is useful 
to recall some of the difficulties in designing stabilizers having widely 
variable output voltage. 

One method which can be used to control the output of the circuit 
shown in Fig. 12.3 is to vary the ratio Ra/Rs. This directly varies the 
output voltage, which is equal to (Ra + Re)Vz/Ry. This system 
has two disadvantages, however, one being that Vou, can never be 
less than Vz in magnitude, the other, that the amount of feedback 
varies so that many of the properties of the stabilizer, such as 
transient response, output resistance, and stabilization against input 
variations, will change according to the selected output voltage. 

The more straightforward method of varying Vz is therefore pre- 
ferable, and this can be achieved by adding a potentiometer as shown 
in Fig. 12.5. Although the loop gain is now more constant for differ- 
ent output settings, this method still has a serious snag. When a low 
output is required, Vz is small, so that current in Re is small. The 
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voltage drop across Rs is, however, large, which implies that Tz 
collector current is large. Hence, Tz emitter current is required to be 
greatest just when its supply from Rg is least. In a practical design 
control will in fact be lost as Vous is reduced, as eventually all the 
current in Rg is taken by Tz and T; cuts off. Even over the range 
where control applies, the sharing of current between T; and Tz is 
changing. This is of special importance in low-drift stabilizers, where 
Ti and Tz are matched with respect to Voe temperature coefficient, 
since such matching applies only for equal operating currents. 
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Fic. 12.5 Variable stabilizer 


If variable Vz control is applied to the circuit of Fig. 12.4, some 
improvement is obtained as compared with the normal circuit, 
because the current in Tz remains virtually constant for all output 
settings, but since the current in Re does vary, T; emitter still falls as 
Vout is reduced, so that balance exists at only one setting of Vout. 

With the further modification of Fig. 12.6 the above difficulty is 
overcome. Here, the current for Rg is provided by T collector in- 
stead of Rg. If Ti collector current has a value 4, then Rg drops 
1,Rg volts and Ts emitter current is J; Ro/R7 if the Ve» drop of Ts can be 
neglected in comparison with J: Ro. Since Tz collector current equals 
Ts emitter current (ignoring Ts base current), the ratio of the cur- 
rents in Tz and T, is simply Ro/R7. Thus, if R7 and Ro are made 
equal, T; and Tz take equal shares of the current supplied by Re 
and remain balanced at all output settings. The low-output limit is 
now reached only when the current in Re falls to leakage current 
level; then T; and Tz gains fall and Ts base current cannot be 
ignored. 


» @ 
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Another advantage of this arrangement (Fig. 12.6) is that the 
Ti, Tg stage has twice the gain of the Fig. 12.4 version. This comes 
about as follows. A signal applied to Tz base which causes a rise in 
Tz collector current of 87 also causes a fall of 37 in Ti collector 
current, since the total emitter current supply is constant for any 
one setting of Vz. This fall of 87 causes the emitter current of Ts to 
fall by 8/(Ro/R7). Thus, a load attached to the common collector 
point of Tz, Ts experiences a current change of 3/(1 + Ro/Rz), or 
281 if Ry = Ro. 


Typical values 


Fic. 12.6 Stabilizer—second modification 


It might be wrongly deduced that a larger ratio than unity for 
Ro/Rz would give even higher gain, but this would be true only if 
the load presented to Tz collector were constant. However, as R7 
becomes smaller the effective load on Tz becomes less, and in the 
limit when Ry is zero the incremental collector resistance of Ts— 
which is the load for Tz—becomes r¢/85 instead of re. At the same 
time, the current change for To, Ts is (85 + 1)8/, so that the voltage 
gain is similar to that obtained in the circuit of Fig. 12.4. Even this 
is optimistic, since T; and Tz now share the total emitter current in 
the ratio 1/85 rather than 1/1, resulting in lower gain and worse 
temperature drift. 

The optimum value for Ro/R7 is therefore near unity. 


Improvement for precision stabilizers 

In examining the circuit of Fig. 12.6, the effect of the Vep of Ts has 
so far been ignored. Its presence means that the voltages across Rg 
and R? are unequal, and the inequality varies with temperature. 
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This causes the sharing of current between T; and Ts to vary also, a 
characteristic which can be important in precision stabilizers of wide 
output range. 

The first effect can be made small, as already indicated, by making 
these voltage drops large compared with V2»; it can be made smaller 
still by making some allowance for Ve» in the choice of R7 and Ro. 
For instance, if $J2R9 = Vey + 4J2Rz, where Je is the current in Re, 
then the currents in T; and Tz will be equal. However, this equality 
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Fic. 12.7 Stabilizer—third modification 


will hold at only one setting, because J2 changes with setting, and at 
only one temperature, because V,, changes with temperature. 

A better system is to include a forward-biased diode in series with 
Ro. Although this does not ensure exact equality of T; and Ts 
currents, it is consistent at various settings of Vz, since the diode and 
Ts currents vary similarly. Its temperature coefficient also cancels 
that of Ts Ve» to a large extent. Figure 12.7 shows the improved 
version. 

Another improvement for better drift and absolute accuracy is 
made by using a dual transistor for T; and Ts, e.g. the 2N3680 or 
2N2644. 


Effect of line variations 

In the circuits considered here no capacitors are shown, so that 
slow line variations and ripple have the same amount of influence on 
the output voltage. 
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Returning to Fig. 12.3, line variations enter the system through Ri 
and Rg. Chapter 9 showed how the effect of these variations may be 
reduced, and it is noted there that the path through Rg is just as 
troublesome as the more obvious route through Ri. 

On examining Fig. 12.6 or 12.7, it will be seen that in the new 
circuit, although the Ri route is unchanged, the Rg path is replaced 
by Ry and Ro. Since line variations affect R7 and Rg equally, and T; 
collector circuit is of high incremental resistance compared with Rg, 
Ts is not subjected to any base-emitter change and its collector 
current is therefore unaffected. In other words, the new circuit lets 
in line changes only by the Ri path. 


Use of positive feedback 

Positive feedback in the T/Tz stage, which was shown to lead to 
increased performance, in particular to zero output resistance, in a 
circuit similar to 12.3 (see Chapter 9), can still be applied to the 
circuit of Fig. 12.6 with similar results. As the gain in the stage com- 
prising T;/T2/Ts is very high, the actual resistor between T; collector 
and Tz base necessary to produce zero output resistance from the 
stabilizer is much higher than in the conventional circuit and so has 
less upsetting effect on transistor operating currents. 


SUMMARY 
The idea of using a transistor collector circuit instead of a resistor 
as an amplifier load can be made practical. Owing to the special 
arrangements required, the circuit is uneconomic except in a voltage 
stabilizer loop. In this application the circuit is found to have the 
following advantages: 


(1) A voltage gain of about 750 can be obtained from a typical 
stabilizer loop amplifier by adding one transistor and one resistor 
(Ts and Rg) or in some cases two transistors and two resistors (Ts, 
Ro, Ts, Re). 

(2) The circuit configuration is such that Ts can often be added to 
an existing layout, giving an improvement of about 30 times in 
loop gain. 

(3) The circuit automatically keeps T; and Tz in current balance 
at all output settings. 

(4) In a precision stabilizer, where Tj, T2 are dual transistors 
matched for Vey temperature drift; the equality of currents in T; 
and Tz ensures matched V-» at all output settings. 
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(5) Even better matching of T;, Tz currents can be obtained by 
adding a diode in series with Rg to cancel the (small) effect of the 
Ven of Ts. 

(6) Line variations enter the circuit to a lesser extent than in the 
normal circuit, since the direct path through the collector load of Tz 
is eliminated. This is quite distinct from the improvement obtained 
in stabilization and ripple due to the extra gain of the loop. 

(7) Positive feedback can still be employed, and less is required to 
reach zero output resistance than with a conventional stabilizer. 


13—The transistor pump 


The title refers to a circuit described by J. Willis and P. L. Burton* 
(p. 293) as an improved version of the well-known diode pump, 
which is often used as a ‘staircase’ generator and as a counting-type 
frequency discriminator. 

In order to appreciate fully the transistor circuit it is essential to 
understand the operation of the apparently simple diode pump. 


THE DIODE PUMP AS A STAIRCASE WAVEFORM GENERATOR 


When used as a staircase generator the diode pump circuit is as 
shown in Fig. 13.1. 


Fic. 13.1 Diode pump staircase generator 


Since the output waveform, neglecting initial transients, will be 
independent of the d.c. component of the input waveform, it will be 
assumed for convenience that the input square wave starts at zero 
volts and falls periodically by Vin volts (Fig. 13.2), and that initially 
Vout is zero. 

When the input falls to — Vin, D1 conducts and C charges by Vin 
volts, provided the forward voltage drop of D, is negligible com- 
pared with Vin. Referring again to Fig. 13.1 the left-hand connection 

* Wireless World, March 1958, ‘Some Unusual Transistor Circuits’. 
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of C is now at — Vin and its right-hand connection approximately at 
zero potential; C has therefore acquired a charge of CV coulombs. 

When the input returns to zero the right-hand connection of C 
rises and Dg conducts, connecting C to C’. Again ignoring forward 
diode voltage drops this connection of C to C’ occurs immediately 
the input rises, so that the rise of Vin in volts is shared between C and 
C’ giving a rise of VinC/(C + C’) at the output. 

On the second cycle of operation, conditions are different. The 
input falls to — Vin and C recharges as before, but when the input 
rises towards zero, Dg does not conduct until the input has moved by 
VinC|(C + C’), bringing the left-hand connection of Dz equal to 
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Fic. 13.2 Waveforms for diode pump staircase generator (Fig. 13.1) 


Vout. Thereafter the remaining change in Vin, namely Vin — VinC/ 
(C + C’), which is VinC’/(C + C’), is shared between C and C’ as 
before so that the output rises by 
[VinC'(C + CCC + C’) 
to a new voltage of 
VinC[(C + C’) + [Vin€'(C + CYICK(C + C), 
that is 
VinCl(C + CYL + Cyc + cy * 


Succeeding cycles continue to increase Vow: in increments to give 
the output waveform shown in Fig. 13.2. It is shown in Appendix 5 
that after n input cycles the output voltage is 

Ven{l — (C’(C + C’))"] 
which for small values of 7 or small ratios of C/C’ approximates to 


ee Vin (c +#2¢') /(c 4 aah 
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VinnC|(C + C’). Under these conditions, therefore, the output 
tises by VinC/(C + C’) for every input cycle. 

When the above conditions for m and C/C’ are not obeyed, 
examination of the expression for Voue shows that the steps of output 
voltage become successively smaller and that the maximum output 
after an infinite number of input cycles is Vin. 


plications 

Within the limitations just mentioned this circuit is useful in the 
generation of a staircase waveform; these limitations mean, how- 
ever, that if all steps of the staircase are to be substantially equal, 
either the number of such steps will be small, or capacitor ratio C/C’ 
will be small, implying that the final value of Voue will be much less 
than Vin. 


c 0 
ov—>-- --, - 


Fic. 13.3. Diode pump frequency discriminator 


This circuit can be converted into a frequency divider by adding a 
trigger circuit at the output, which operates an electronic switch 
arranged to discharge C’ when Vout reaches a certain voltage level. 
The accuracy of the triggering level and of the capacitor ratio, and 
the magnitude of Vin determine the maximum frequency division 
ratio at which operation will be reliable. Because of the successive 
reduction in each step discussed above, the limitations are severe 
and a frequency division of 10 to 1 is near the reliable limit for 
normal input voltages. 

A more commonly used form of the diode pump is shown in 
Fig. 13.3, where a resistive load R is added in parallel with C’. In 
this circuit C’ is made very large in comparison with C, so large that 
virtually no voltage steps are present across C’ compared with the 
magnitude of Vin. 

In this circuit the capacitor C charges to Vin each time the input 
goes negative and discharges into C’ as before, so that C’ must 
acquire charge each positive input half-cycle. Since the values of C’ 

P 
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and R are so large that no significant waveform is visible across C’, 
the implication is that C’ must lose this acquired charge at some time 
during the cycle. The only path for discharge of C’ is through R, 
and for such a discharge to occur C’ must carry a steady potential, 
since it is known to carry no alternating waveform. 

For an input of frequency f and magnitude Vin there is therefore 
a d.c. output Voue the magnitude of which is calculable by equating 
the charge gained and lost by C’ during a complete cycle. 

The charge gained by C’ can be calculated as follows. When the 
input goes negative by Vin, C acquires a charge CVin since, as in the 
staircase circuit, Di conducts. When the input now rises by Vin, De 
conducts and charge flows from C into C’. At the end of this half- 
cycle, when the input is about to fall, the right-hand connection of C 
is at a potential Vous, since it has been assumed that Vous is un- 
changed during a cycle. Hence, the charge on C is now CVoyt since 
the input is at earth potential. The charge lost by C is therefore 
C(Vin — Vout) and this is therefore the charge gained by C’. 

The charge lost by C’ is simply Vous/Rf because C’ continuously 
discharges by a current Vou:/R throughout the cycle and the period 
of a cycle is 1/f. The equilibrium equation is therefore C(Vin — 
Vout) = Vout/ Rf, giving Vout = VinCRf[(1 + CRf). This implies that 
for values of CRf much less than unity, Vous: = CRfVin, i.e., the 
circuit of Fig. 13.3 produces a d.c. output proportional to input 
frequency. 

The above condition, that CRf < 1, is equivalent to Vou < Vin. 
If the condition is not satisfied, then although the output voltage 
still rises with input frequency, the relationship is non-linear, the 
ratio Vour/f becomes less and eventually Vous approaches the value 
Vin. 

This circuit is often used as a direct reading-frequency meter by 
replacing R by a milliammeter. Provided Vin is more than a few 
volts in magnitude, the non-linearity is no more than a few per cent 
with a typical meter voltage drop of 100 mV. 


SUMMARY 
The diode pump can be used as a staircase generator, as a fre- 
quency divider and as a frequency discriminator. 
For most applications where linear characteristics are desirable 
it is necessary to accept an output voltage which is always much less 
than the input level, whichever form of the circuit is being used. 


THE TRANSISTOR PUMP 219 


This forms a severe limitation at high frequencies, where large 
inputs may be difficult to provide and at any frequency if exceptional 
linearity is desired. 


TRANSISTOR PUMP 


In looking for a method of improving the diode pump, it is helpful 
to recall that the non-linear characteristic and low maximum output 
level are both caused by the influence of the output level on the 
charge and discharge of C. 

The clearest approach to improve this situation consists in isola- 
tion of the charge and discharge circuits for C from the output 
voltage. 


First Version ; 
One method is shown in Fig. 13.4, where Dz becomes the emitter- 
base diode of a transistor and C’ is placed in the collector circuit 


Fic. 13.4 Transistor pump staircase generator (1) 


When the input goes negative, C charges to Vin and when the input 
returns to zero, C discharges completely into the emitter of T;. This 
current flows out of the collector and charges C’ to a voltage of 
Vout = CVin/C’ (C' Vout must equal CVin since all the charge from C 
transfers to C’). 

This action is repeated on every cycle, since the change taking 
place at T; collector has virtually no influence on the charge/ 
discharge process. 

Hence, a staircase output waveform results in which each step is 
equal until the transistor bottoms, after which no further change 
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occurs. The maximum output is therefore limited not by the magni- 
tude of Vin, but by the supply voltage, which in turn is limited by the 
maximum permissible V¢» for the transistor and the available supply 
voltage. 

The staircase is therefore equally stepped, of magnitude limited 
only by transistor ratings, and can therefore be used as a frequency 
divider for reliable division even at high ratios, 50 to 1 being quite 
practicable. 

Consider now the addition of a resistor R in parallel with C’, C’R 
being very large compared with an input period (see Fig. 13.5). For 
an input frequency f, C charges to Vin on every negative input swing 
and discharges its charge of CVin into Ty emitter on every positive 
swing. Consequently, C’ receives a charge CVin on every cycle and 


Fic. 13.5 Transistor pump frequency discriminator (1) 


during the cycle loses a charge Vour/Rf into the load R, assuming 
C’R is so large that no change of voltage occurs within any one 
cycle. 

Hence, CVin = Vout/Rf, or Vout = CRfVin, so that Vous is directly 
proportional to input frequency until, as for the staircase, Vous is so 
large that T; bottoms. 

The transistor circuit therefore forms a linear discriminator with 
an output voltage which can be considerably larger than the input 
swing and is limited only by transistor rating and available supply 
voltage. 

The circuits of Fig. 13.4 and 13.5 therefore correct the main 
deficiencies of the simple diode pump by the principle of preventing 
the output voltage from influencing the charging of C. 


Second Version 
The circuit of Fig. 13.6 shows the form of transistor pump usually 


if 


THE TRANSISTOR PUMP 221 


quoted. In this circuit the first negative swing charges C, through the 
base-emitter diode of T; to Vin and the succeeding positive swing to 
zero causes C to pass charge to C’, so that Vout = VinC/(C + C’). 
The second negative swing charges C to (Vout + Vin) volts, since 
the right-hand connection of C is caught at Vou by 71. When the 


Fic. 13.6 Transistor pump staircase generator (2) 


input voltage starts to return to earth for the second time D1 con- 
ducts immediately (unlike the diode pump where the input had to 
rise by VinC/(C + C’) before Di would conduct). The full rise of 


Fic. 13.7 Transistor pump frequency discriminator (2) 


Vin is therefore shared by C and C’ as on the first positive swing and 
the output therefore rises, as before, by VinC/(C + C’). 

This process is repeated so that each step is VinC/(C + C’) and 
the staircase has a linear characteristic as in the first version of the 
transistor pump. 

The addition of a load resistor R (Fig. 13.7) with large C’ still 
results in a performance equivalent to that of the first transistor 
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pump, since, as before, equal increments of charge are transferred 
on every cycle. 


Comparison Between the Two Circuits (Fig. 13.4, 13.6) 
The main practical differences between the two circuits are as 
follows. 


(1) If only a negative supply rail is available, each circuit requires 
a p-n-p transistor; the first version gives an output which is positive- 
going with respect to the negative rail and the second gives an output 
which is negative-going with respect to earth. 

(2) Similarly a positive rail requires an n-p-n transistor; the first 
version gives a negative-going output relative to the rail, whereas the 
second gives a positive-going output relative to earth. 

(3) In the first version used as a discriminator (Fig. 13.5) C’ may 
be returned to earth rather than the supply rail, thus confining the 
input signal current paths away from the supply rails. This is 
advantageous when used at frequencies above 1 Mc/sec., and cannot 
be achieved in such a simple manner in the second circuit (Fig. 13.7). 

(4) In Fig. 13.4, step magnitude is VinC/C’; in Fig. 13.6, 
VinC[(C + C’). 


Further development of the transistor pump 

If both polarities of supply are available, a two-transistor pump 
enables simultaneous staircase generators or discriminators to be 
obtained with opposite polarities, as shown in Fig. 13.8 and Fig. 
13.9. By omitting one or other resistor in Fig. 13.9 one output can 
be used for frequency measurement and a staircase is produced at 
the other output terminal. 


Design of pump circuits 

Although basic design of these circuits consists in satisfying the 
simple formulae for Vous, there are a few further points which should 
be numbered. 

First, it has been assumed throughout that C charges and dis- 
charges to a steady state between each input swing and that the input 
is a square wave. The essential point is that C shall always complete 
its charge and discharge before the input reverses. In a practical cir- 
cuit there will exist some source resistance Rs, and D; and De (or 
Ti in the transistor pump) will have forward resistance Rp; and Rps. 
Provided the total series R is such that (Rs + Rp1)C is less than one- 
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fifth of the duration of the negative input step and (Rs + Rp2)C is less 
than one-fifth of the duration of the positive step, the errors will be 
less than one per cent. A further factor of 2 in these time constants 
will make errors from this cause negligible. 

It is not necessary that the input should be a symmetrical square 


+V%p 
ade fies 
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Fic. 13.9 Double-output frequency discriminator 


wave; so long as the input remains in each state long enough for C 
to charge to the correct level, this is sufficient. 

The turn-on voltages required by the diodes and transistor have 
been ignored in the analysis. In practice these voltage drops cannot 
be ignored and their effect is equivalent to a drop in the magnitude 
of Vin. This equivalent drop varies with temperature at a rate of 
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—2 to —2'5 mV/degC and can thus cause considerable error in an 
equipment operating over a wide temperature range. The effect can 
be minimized by using a large input voltage, by arranging a con- 
trolled input variation with temperature or, for extreme stability, by 
oven-controlling the temperature of the diodes. 

Temperature errors are also caused by diode and transistor leakage 
currents which add to or subtract from the charging currents to C’. 
In the discriminator circuits a steady output of JzoR results. This 
error is reduced by using large values of C, giving lower values of R 
for the same output voltage, but demanding more current from the 
signal source Vin. The use of silicon transistors having low leakage 
is often necessary when designing for wide temperature range 
variation. 

Another parameter ignored in the analysis is the transistor current 
gain. For a @ of 33, this gives an error of about 3 per cent in the 
absolute magnitude of the output and a variation of about 0-03 per 
cent per degree C. The effect is reduced by using a high-8 transistor. 

Finally, it should be remembered that any of these circuits can be 
changed by reversing each diode and type of transistor from p-n-p 
to n-p-n or vice versa, provided the power supply polarity is also 
changed. 

The diode pump is a useful circuit with, however, severe limitations 
in output and linearity. The transistor pump circuits almost com- 
pletely eliminate these faults and greatly extend the use of this type 
of circuit. 


14—The transistor cascode 


The circuit to be described in this chapter is a transistor version of 
the well-known valve cascode arrangement. Although not all cascode 
characteristics are common to both the valve and transistor circuits, 
it will be useful to recall the problems of low-noise high-frequency 
amplification which led to the development of the valve cascode. 


PROBLEMS IN HIGH-FREQUENCY VALVE AMPLIFICATION 
At high frequencies it becomes difficult to prevent oscillation in a 
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Fic. 14.1 Valve cascode 
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triode-tuned amplifier because of relatively large grid-anode 
capacitance giving unwanted coupling. A pentode stage overcomes 
the difficulty since direct anode-grid coupling is very small; moreover, 
higher stage gains are obtained. However, a pentode, because of its 
multielectrode structure, produces a high degree of partition noise. 

There appears in such stages therefore to be a choice between a 
triode with poor gain and stability or a pentode with bad noise 
performance. 

The cascode, which uses two triodes in a special configuration 
(Fig. 14.1), provides, at the cost of an extra valve, the stability and 
gain of a pentode and the low noise of a triode. 

Examination of the circuit shows that the output electrode is well- 
screened from the input, and since the anode load of V; is low com- 
pared with the ra of Vi (l/gm < ra), iat = Smivgi provided Xe < 
I/gm. Also, iag = iai, So that Vout = gmivgiRz, which is the same 
result as if Vi/V2 were replaced by a single pentode valve with a gm 
equal to gmi. 


TRANSISTOR CASCODE 


At first sight the transistor version of Fig. 14.1 appears to offer little 
advantage over a single-transistor amplifier stage, since in many 
respects a transistor has pentode characteristics, and, as for the 
pentode, its stage gain is gmRz. Partition noise does not occur, as no 
fourth electrode exists and so the cascode connection of two such 
devices could not be expected to have better noise performance 
than one. 

However, input to output capacitance still exists in a simple tran- 
sistor amplifier and the cascode connection will provide isolation 
as in the valve circuit. Although this alone often justifies its use, the 
cascode offers many other advantages which are not immediately 
obvious and which come about because the circuit requirements are 
divided between the two transistors. 

Before examining the properties of the circuit of Fig. 14.2, it is 
desirable, first, to recall the effect of f, on the high-frequency response 
of an amplifier and, secondly, to note the way in which base circuit 
conditions affect the permissible collector-emitter voltage rating of 
a transistor. 

First, the base-to-collector current gain 8 is 3 dB down at a fre- 
quency of f,/8 and the emitter-to-collector current gain « is 3 dB 


THE TRANSISTOR CASCODE 227 


down at a frequency f,. Hence, an earthed emitter amplifier is 3 dB 
down at 1/8 of the frequency at which an earthed base amplifier is 
3dB down provided the source resistance is high (see Chapter 4). 

Secondly, the collector-emitter voltage rating of a transistor 
usually depends on the base conditions; the permissible voltage is 
higher if the base resistance is low and is often halved if the base 
resistance becomes as high as 1 kQ. 

Returning now to Fig. 14.2, it is clear that if the transistors are 
similar, the f.2 of the output transistor Tz has little influence on the 
high-frequency performance of the circuit and can have a value as 
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Fic. 14.2 Transistor cascode 


low as fu1/® before beginning to contribute to the frequency fall-off. 

Hence, for good high-frequency performance T; must be chosen 
as if the circuit were a normal earthed emitter amplifier stage, and 
Tz can have an f, which is roughly 8 times worse. 

With regard to voltage ratings, T; must have a Vee rating of at 
least Vi under its particular base resistance conditions, and Tz must 
have a rating of (V2 — Vi) under zero base resistance conditions 
(i.e. the favourable case). 

Since Vj can be small in view of the small signal amplitudes on T;, 
and (Vz — Vi) may have to be large where large output voltage swing 
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is required, Voe rating can be low for T; but must be high for Ts. 
The same applies to the power ratings since currents are equal. 

These results are useful because the division of duties between Ti 
and Tz proves to be ideal: T; must have good f, and Tz must have 
high voltage and high power rating. For a given application this 
implies that two inexpensive transistors can replace one expensive 
type which in a simple amplifier would require not only high voltage 
and power ratings but also good high frequency performance. 

Although the above suggests that the cascode is primarily of 
interest as a high frequency amplifier it must be remembered that the 
term ‘high frequency’ applies whenever the frequency of operation 
approaches the f,/@ for the transistors used. 


Effects Caused by Transistor Capacitance 
A simple transistor stage suffers from output to input (collector- 
base) capacitance in the same way as a simple triode amplifier. For 


o-s(at medium frequencies) 
= GaP 
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Fic. 14.3 Miller effect: (a) connection of Cr», (6) equivalent effect of C.» 


a stage gain —G the effect of collector-base capacitance C;» is 
equivalent to the addition of a capacitor of value (1 + G)Cc in 
shunt with the base-emitter path (see Fig. 14.3). This is known as 
Miller effect, and the above result is easily calculated. 

This is often the major cause of falling high-frequency response in 
a transistor amplifier and conversion to a cascode connection in such 
a case will bring about a dramatic improvement. 
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Another high-frequency problem is that of designing an isolating 
stage to prevent, for instance, an oscillator being detuned by changes 
in the load circuit. At low frequencies a natural choice for the iso- 
lating stage would be an emitter follower, since any change of load 
current in the emitter would cause a much smaller change in the base 
current. At high frequencies, however, transistor base-emitter 
capacitance forms a low impedance connection from source to load 
and isolation is poor. 

Again, the cascode is useful as no direct back-coupling exists and 
buffering is effective to several hundred megahertz. 


Variations of the Cascode ; 
The addition to the basic cascode of a resistor R’, as shown in 
Fig. 14.4, enables the operating current of the two transistors to be 


Fic. 14.4 Cascode with different emitter currents for 7; and Tz 


different. Thus T; can be run at high current, making its gm high, 
and Tz can pass a small current, equal to J71 — (V2 — Vi)/R’, so 
that Rr can be large. In this way high gain is obtained at the cost of 
less accurate determination of Ts collector voltage. This occurs 
because Tz collector current, which determines this voltage, is the 
difference between T; current and the current in R’, two independent 
variables. Changes in either of these currents therefore produces a 
larger percentage change in Tz collector current. In practice Tz 
current can rarely be made less than one-third of T; current without 
introducing too large an uncertainty in Tz current. 
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Fig. 14.5 illustrates the use of a multiple cascode circuit as an 
adding amplifier. The standing currents in Ti, Ts, Ta, etc. all add in 
Tz emitter so that in a k-input symmetrical design each gm will be 
1/k of the value which would be obtained in a single-input stage 
(since gm is proportional to current). Hence, the gain from any input 
is 1/k of that of a single-input stage running at the same T> collector 
current. This circuit is particularly useful in having very good 
isolation between the several input terminals. 


Yout 
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Fic. 14.5 Cascode as an adding amplifier 


Fig. 14.6 shows how another form of multiple cascode enables 
large voltage output swings to be obtained from transistors of much 
lower rating. The network of resistors and capacitors maintains 
sharing of output voltage between the transistors; capacitors are 
necessary for transient operation and must be much larger than the 
input capacitances of the associated transistors. Since saturation of 
any transistor would upset this capacitor-resistor potential divider, 
precautions, such as prelimiting, must be taken to prevent overload. 
Switch-on and switch-off transients which often cause difficulty in 
the operation of voltage-sharing circuits are in this case harmless 
since the capacitors ensure slow rise and decay of the applied 
voltages. 

A complementary version of the cascode is shown in Fig. 14.7. 
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The major disadvantage of this version is of course the need for 
resistor Rz to supply the total current of T; and Te. 


+ 


Vout™ Vn Smit» 


it Xe Xce 0 


Fic. 14.6 High-voltage cascode 
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Fic. 14.7 Complementary cascode 


SUMMARY 
(1) In high-frequency high-output applications the transistor 
requirements are split; the input transistor must be high frequency 
but can be low voltage, and the output transistor must be high 
voltage but can be f times worse in frequency response. 
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(2) Miller effect, often the major cause of falling high frequency 
tesponse, is virtually eliminated. 

(3) Because Tz base is fixed to a low impedance point the Ve» 
rating of the transistor can be applied (not merely the lower Vee 
rating). 

(4) The cascode is a much better isolator at high frequencies than 
an emitter follower or single-transistor amplifier. 


whem meine 


Part three 


Useful techniques 


15—Bootstrapping 


The technique known as ‘bootstrapping’ involves a positive feedback 
loop which causes a point in the circuit to be ‘pulled up as if by its 
own bootstraps’. This principle is often used in linear sweep genera- 
tion (see Chapter 5) and also in high input impedance amplifiers, in 
driver circuits for power stages, and in reducing the effects of stray 
capacitance. 

In this chapter are discussed the last three applications; design 
procedure and also practical difficulties are given. 


HIGH INPUT IMPEDANCE BY BOOTSTRAPPING 


When an amplifier is required to have a high input impedance of, 
for example, 1 MQ, the obvious circuit configuration to consider is 
the emitter follower either in its simplest form or compounded. In 
defining the transistor operating conditions, however, there is a 
maximum value which the input base resistor may be given without 
the risk of excessive temperature drift due to base current variations. 
In practice this value can rarely exceed a few kilohms for germanium, 
or some tens of kilohms for silicon transistors, so that even if the 
circuit is inherently capable of providing high input impedance, the 
external base resistor spoils its performance. 

In some applications the resistance of the source may be suffi- 
ciently low to act as the base resistor, so avoiding the need for the 
shunting effect of a separate resistor, but in many cases the source 
must be capacity coupled. A very common use for a high input 
impedance amplifier is in conjunction with a crystal transducer, such 
as an accelerometer, a record pick-up, or microphone; such a trans- 
ducer is roughly equivalent to a source of e.m.f. in series with a 
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capacitor of several hundred picofarads, shunted by hundreds of 
megohms. In this and many other applications there is no escape 
from the use of base resistors. 

In such circumstances the bootstrap technique can be used to 
make the low-valued base resistor appear to have a much higher 
value from the point of view of the input signal. 

To understand the principle involved here it is helpful to consider 
the true meaning of high input impedance. It means that when the 
input signal changes by a small amount the change of current taken 
by the circuit from the source is small. In the circuit of Fig. 15.1, 
assume for the moment that connection AB is not made. The input 
impedance at T; base is (Roi + Roe) in parallel with the impedance 
of the transistor circuit, and the current taken by (Ry + Roz) is 
clearly 8V»/(Ro1 + Roz) when Ty base voltage Vp is changed by 5V». 


Fic. 15.1 Simple bootstrap feedback 


Now consider the effect of connecting link AB, assuming that Cy 
is very large and that Ro1, Rog cause no appreciable loading on Tz. 
It is easy to write a set of equations involving Vp, Vout, etc. and this 
is essential in discovering some of the side effects, but the best 
way to see the object of the feedback is to assume that Vp is moved 
by 8V» and deduce roughly what change in input current takes place. 

If the gain Voys/V» is exactly unity and if Cy is so large that V4 = 
Vout, then V4 will change in the same way as Vp, i.e. 8V4 = 8Vy. The 
change in current in Rp: is therefore zero, since there is no nett 
change across it; here Rp; behaves as if it were of infinite size in terms 
of its loading effect on the source. 
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This is the principle of bootstrap arrangements designed to in- 
crease the apparent impedance of a component: a method is found 
which makes that connection of the component which is remote from 
the source vary as nearly as possible in sympathy with the source. 
The apparent impedance is raised since the current taken from the 
source is reduced. 

In an actual design of the circuit of Fig. 15.1, the gain V/V» will 
in general be slightly less than unity and can be represented by 
(1 — 2), where A is a small fraction. The result now of an input 
change 8V, is to produce a change Sy, = (1 — )3y, so that the 
current taken by Ry is [8y, — (1 — A)Sy,]/Ro1 = A8y,/Roi. The 
apparent resistance of Rp: is therefore Ryi/A, which, as was shown 
previously, tends to infinity as 4 tends to zero. 

The apparent magnitude of an impedance is therefore multiplied, 
by applying bootstrap feedback, by a factor which is the inverse of 
the fraction by which bootstrap gain falls short of unity. 

If the emitter followers of Fig. 15.1 are replaced by a circuit having 
a gain of more than +1, e.g. (1 + A), Roi now appears to be — Rp/d. 
For gains slightly in excess of unity, the bootstrap therefore converts 
the bootstrapped component into a higher impedance of opposite 
sign. A capacitor would under these conditions appear to be in- 
ductive and vice versa, and a resistance becomes a negative resistance. 
Note that the presence of ‘negative resistance’ does not necessarily 
imply that the circuit will oscillate, since other parallel resistances 
(possibly the source) may produce overall positive resistance. 


D.C.-COUPLED BOOTSTRAP 


Where high input resistance in a circuit such as that of Fig. 15.1 is 
required down to zero frequency, Cy can be replaced by a direct 
coupling network. The point to remember is that Rpi appears to be 
large not only to the signal source but also to the transistor base 
current; if no source is connected, the temperature drift and quies- 
cent behaviour of the circuit will be just the same as in a simple (i.e. 
non-bootstrap) circuit, but with Rp: replaced by its large bootstrapped 
apparent value. 

For a particular transistor type, run under stated conditions, the 
drift/input resistance ratio at zero frequency is unaltered by boot- 
strapping; in this context ‘zero frequency’ implies the very low 
frequencies at which temperature changes occur. 
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Special Design Points for the Circuit of Fig. 15.1 
The design for this circuit is affected by several considerations. 


(1) As shown, only Rox is bootstrapped, so that other components 
of the input impedance, not normally important, may cause appre- 
ciable lowering of the predicted value for Zin. 

(2) For d.c. bias purposes the base resistor is (Roi + Ry2), but 
only the Roi component becomes bootstrapped. Hence, an amplifier 


gain of (1 - x) giving an input impedance due to Rp: of 30R»1, 


leads to a raising of Zin of only 15 times if Roi = Roe. 

(3) The amplifier has to supply its normal load and Rog in parallel. 
Strictly, the bootstrapped value of Ry should also be included, but 
this will be of no significance in most circuits. 

(4) When fed from a capacitive source, as shown, the bootstrap 
loop has a gain Vout/es which always exceeds unity at a frequency 


pi na LSAT oe 
2n+/(CsCyRoi Roe) 
(neglecting Rs). The gain at this frequency is given by 
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which can be very large (e.g. 20 times!), The presence of resistance 
between Vy and earth, and of Rs, makes little difference to this 
result; nor does the fact that Vour/V» is less than the unity value used 
in the calculation. These results are derived in Appendix 6. 


Unfortunately, when this circuit is used for its most usual purpose, 
namely audio amplification from a crystal transducer, the peak 
usually occurs within the audio band, and its magnitude is often 2 or 
3 times the mid-band gain of unity. A second unlucky point is that a 
designer who is being particularly careful will naturally give Cy an 
overlarge value to ensure that the bootstrapping will be effective at 
low frequencies, where, indeed, the high input resistance is especially 
needed when using a capacitance source. As the equations show, this 
leads to an even higher peak than normal, and at a lower frequency. 

There are four basic approaches to make this circuit usable in 
spite of this problem. One is to make Cy) less than normal design 
would suggest; this reduces the peak and tends not to upset low- 
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frequency gain because of the presence of this remaining peak. Low- 
frequency phase response is, however, greatly affected. Another is 
to add a network which damps the effect: the frequency equation 
shows that the whole amplifier, following Cs, if replaced by an in- 
ductor of magnitude Rp: Ry2Co, would produce the same equation. 
This suggests that a parallel resistance from T1 base to earth would 
damp the peak—this works but degrades the input impedance. An 
alternative damping idea is to add a capacitor and parallel resistor 
in series with the bootstrap feedback (e.g. between points A and B), 
so that at very low frequencies feedback is reduced. The third method 
is to make C» so large that the peaking frequency is below the low 
frequency cut-off required by the specification. This is the usual 
remedy but can be very dangerous. If Cs cannot be similarly in- 
creased (because it is outside the designer’s control), the peak can be 
extremely large. Even if peak frequency signals are not passed to the 
output, various troubles now arise. A change of input source by 
switching, or the turn-on of amplifier supplies, can result in violent 
saturation or cut-off in the preamplifiers for a quarter-cycle at the 
peak frequency, i.e. several seconds. If Rp and Rez are returned to 
a supply line (rather than supply common), the peculiar gain 
characteristic can lead to very-low-frequency oscillation through a 
loop which includes the supply lines. Often this effect leads to a 
damped oscillation, or ‘ring’, and is accepted as being the time 
required by the circuit to settle after switch-on; it is, however, likely 
to recur even after a momentary disturbance. The fourth idea is to 
make Rp; as small as possible consistent with a high enough Zin. 
The point is that the peak gain depends on 


(Cy/Cs)[RorRoe/(Ror + Roe)*] 


(Roi + Rog) is constant at a value determined by thermal drift. 
CyRo2 is constant for a given low-frequency performance, so that 
peak gain depends on Rp, which should therefore be small. The 
snag this time is that lowering Ry requires more gain (A smaller) for 
a specified Zin, and the constancy of Zim becomes worse, since, the 
nearer the gain is to unity, the greater is the effect of a slight change 
of gain. 


Design Procedure 
Except for the calculation of the response peak, which should be 
done as a matter of course with this capacity-fed circuit, design is 
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simple. Tz operating conditions are chosen according to the load 
and output voltage swing, giving Rze; Ti current must exceed 
Ico for Tz and be sufficiently large to ensure that 8; is adequate. 
(Roi + Roz) can be determined as usual, although some advantage 
can be taken of the fact that T; and Tz can be allowed to drift 
more than normal in this circuit before waveforms are affected. 

The only ‘bootstrap’ design points are the correct splitting of Roi 
and Ryo, and the choice of Cp. If Roi is made much smaller than Roe, 
then the bootstrapped value of Ry: may be insufficiently large; on 
the other hand, if Ry2 is very small it adds considerably to the 
amplifier loading, so that its reflected value at T; base (~ Ro2/12) 
may seriously reduce the input impedance; the unwanted peak gain 
will also be higher than for low Roi. A small value of Rog may also 
cause Tz to cut-off on positive signal swings if the current in Rye is 
too small to supply the extra load of Roz; then Rzz has to be reduced 
and this again reduces the input impedance. The practical solution 
is a compromise and the optimum ratio Rp1/Roz usually lies in the 
region 1/4 to 3/4. The optimum as far as input impedance is con- 
cerned occurs when the bootstrapped value of Ry: and the reflected 
value of Ryz are equal as seen by the signal source, but the graph 
relating Zin to Ry1/Roz; has only a flat maximum. 

Having decided Ry1 and Rp2, Cy is now designed to give adequate 
bootstrap action at the lowest frequency of interest, but is made no 
larger than necessary, i.e. aCyRp2 & 1. The peak frequency and-gain 
Vout/V» are now calculated, and, knowing that the gain at zero fre- 
quency is zero and the gain at medium frequencies is almost unity, 
the approximate response curve can be predicted. If unsatisfactory, 
Cy or Roi/Ro2 may be changed until a suitable value is found giving 
the smallest peak while maintaining adequate low-frequency per- 
formance. 


Typical Design 

To illustrate the procedure, assume the circuit is to be driven from 
a crystal pick-up having 500 pF capacitance and into a load of 10 kQ, 
the required low-frequency cut-off being 1 kHz. Supply rails of 
+10 V are available and maximum signal output voltage is 1 V 
peak, 

The current in Tz must be at least Voue/Rz, i.e. 100 »A. In addition 
Te has to supply Rys, which the designer can only estimate at this 
stage as being no less than perhaps 5 kQ, i.e. another 200 pA. 
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Finally, T2 must supply its own supply resistor Rx», which for 
300 uA would be 30 kQ, requiring another 33 uA. To allow wide 
tolerance margins, Rz2 may be 18 kQ, giving a supply current to Tz 
of roughly 10/18 = 0-55 mA; ignoring Voe1, Vez and the drop in 
Roi and Rpg, the current required is still 100 wA for Rz, 200 wA for 
Roz and now 1/18 = 55 wA for Ree, totalling 10-35 mA. Hence, 
18 kQ is satisfactory for Rea. Now Rm current must exceed Jey for 
Tz (which could be 10 uA at 50°C) and should be sufficient to give 
reasonably high 8 in T;. Here Rm is 39 kQ. 

(Roi + Roe) must be low enough to cause negligible effects due 
to drift. The base current of T; is highest at low temperatures in the 
outward direction and is roughly 


[(Vi/Rz2)/B2 + Vi/Rei\/P1, 


i.e. (0'55/82 + 0-25)/B1 ~ 10 vA if Bicminy is 25. The Ico component 
of base current flows inwards and can be 10 pA, so that the drift of 
Vo is from +10(Roi + Roa) wV at low temperature (0°C) to —10 
(Roi + Roz) wV at high temperature (50°C). The tolerable drift in 
this circuit is determined mainly by the danger of Te cutting-off if 
the drift is positive; in the negative direction a drift of even 5 V 
would be harmless. (Roi + Roz) can therefore be 5/100 MQ, i.e. 
50 kQ, giving a drift from —0-5 to +0-5 V. Voe drifts aggravate this 
by another —5 mV/degC, giving a total drift at Tz emitter of 
—0°5 to +0-75 V from 0 to 50°C. 

The ratio Rpi/Rez can be taken as approximately unity at this 
stage, giving Roi = Ryg = 22 kQ. Note that this value for Roe is 
4 times higher than the value used in calculating Rze, thus improving 
the safety margin considerably. 

Zin must now be calculated assuming no loss in Cp, the first step 
being to find Vow/V>. From the transistor equivalent circuit given 
in Part 1, Tz emitter behaves like a source of e.m.f. V» with series 
resistance [(1/gm2) + (1/82gm1)] when fed from a zero impedance 
source V» (which is the required condition to calculate Vout/V»). 
m2 is approximately 50 Q at 0:55 mA and gm is 100 Q at 0-25 mA, 
giving a total of about 54 Q if Be is 25. This effective source resistance 
from Tz emitter is loaded by Reo//Rx//Roa, ic. 18//10//22 ~ 5 kQ. 
Hence, Vour/V» = 5/5:05, giving 4 = 0-01, or 1/A = 100. The input 
impedance is therefore 100 Ry: = 2:2 MQ, in parallel with the re of 
Ti(~ 0-5 MQ) and the reflected values of all loads, i.e. (58182) kQ = 
3 MQ (Ree//Rx//Ro2, G1 = B2 = 25) and BiRz1 = 1 MO. Total input 
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impedance is 2-2//0-5//3//1 MQ = 260 kQ, and since C; = 500 pF, 
the response is 3 dB down at 500 x 10-12 x 260 x 103 = 1, 
ie. f = 1225 Hz. 

Cy would normally be calculated so as not to affect this figure, 
but, as shown previously, this leads to excessive peaks in the re- 
sponse. Hence, Cy should be chosen so that the input resistance is 
beginning to fall at 1225 Hz; if the coupling from C» to Roe is 
allowed to fall 3 dB (which is reasonable because the peak in the 
response will keep the gain higher) then C> is given by wCpRo2 = 1, 
giving 
1 


Co = sIm05 x DD x 108 


= 0-006 uF 

The peak must now be calculated, and, if unsatisfactory, the value 
of Cy, and possibly Ry1/Ro2z, may require to be changed. 

Peak frequency 


1 
ips 2rv/(RoiRoeCsCr) 
1 
2722 x 10%4/(500 x 10-12 x 0-006 x 10-6) 
= 4-18 kHz. 


Peak gain 


Cy Roi Roe fe - 
Pine J 1G (Ro + ial a ee 


This being unsatisfactory, a ratio for Ry1/Rozg of 1/4 can be tried, 
giving Rp: = 10 kQ, Roo = 39 kQ. 

Input impedance is now 1//0-5//3-4//1 = 233 kQ, a 10 per cent 
drop, which is tolerable. Low-frequency 3 dB point is given by 
oC; 233 x 10? = 1, ie. f = 1350 Hz. 

Cp is given by 


1 
271350 x 39 x 108 


pki 1 
Sp= 2xV/(10 x 108 x 39 x 108 x 500 x 10-12 x 0-003 x 10-8) 


= 6:58 kHz. 


10 x 39 
Gp= f(t +6 ~35) = v2 ay 


= 0-003 pF 
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These figures show what the designer is up against—the lowering of 
peak gain is relatively slight, and the peak frequency is much higher 
than the lowest signal frequency. 

An alternative, as indicated earlier, is to make Cy very large, so 
that the peak frequency is below the signal band in the hope that the 
high gain is unimportant. 

If Cy = 1 pF, and the original choice for Ry1/Roz is taken, then 


1 
So = F355 X10 & 10-1 x 10-8) 
= 323 Hz. 
10-8 
and Gy = J( ote ar) = 22:35 


This may well be the best solution, but the designer must be 
certain that any following circuits have large attenuation at 323 Hz 
and that the bootstrap stage cannot receive a step input (or an input 
at 323 Hz) more than one twenty-secondth of its normal (mid- 
band) overload level; in the present design this would restrict step 
inputs to a few hundred millivolts. 


Refinements to Fig. 15.1 

As mentioned earlier, the circuit of Fig. 15.1 increases only that 
part of the input resistance due to Ry. Evidently there are other 
contributors to input resistance which now become significant. 
Referring to Fig. 15.1, the base-collector resistance of T; appears 
directly in shunt with the input signal and therefore adds a parallel 
component re to the input resistance. The resistance due to T; base 
circuit is also important and is given by ®1/gmi + ®i1Rz2*, where 
Re* includes all T; emitter loading. This in turn is given by 


Rei|/{B2/¢m2 + B2(Rea//Roe//Rx)) 


Unless further stages are added, nothing can be done to reduce 
the effect of Rr or Rez, since in the limit the input has to supply 
1/8182 of the load current and Rez and Ry are equally to be con- 
sidered as loads. 

The influence of Rm: is basically due to the change of current 
which takes place in it when the input varies; the input source then 
has to supply 1/@1 of this current. If the voltage across Ri is main- 
tained constant, this part of the input loading will therefore vanish. 
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Similarly, if T; collector is made to follow T; base, no current will 
flow in the collector—base path and its effect will also vanish. As in 
all bootstrapping systems, imperfection means that the improvement 
produced is finite; typical factors of improvement are 20-100. 

Figure 15.2 shows how Rg and T; base-collector can be boot- 
strapped to raise the input impedance. 

As before, the bootstrapped elements are split to enable the feed- 
back to be applied, so that the maximum benefit is somewhat lower 
than might be anticipated. In design Ry, and R11 are made large 
enough not to overload the output, but small enough to maintain 
normal bias conditions on T}. 


Fic. 15.2 Multiple bootstrap 


Note that the apparent collector—base capacitance in T) is reduced 
for exactly the same reason that re is increased, namely that the 
current flowing into these elements due to input signal has been 
reduced by the bootstrap feedback. 

An even simpler way to avoid the loading of Rz1 is to omit this 
resistor; this can be done provided that the base current for Ts is 
always outwards, even at high temperature, when Jcyo could exceed 
Tz2/$2. If this is not so, then T; will cut-off. Even when this condition 
is met, T; emitter current may be so low that 1 is poor. In practice 
Rei can usually be omitted if Ts is silicon (low Jcvo) and T; is planar 
(high 8 at low current). 

Further improvements can be made to Zin if Rz is increased, thus 
allowing Rze to be higher, raising not only the reflected values of 
these resistors but also the bootstrap gain. Although Ry can normally 
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not be changed, a further buffer stage (emitter follower) interposed 
between Tz and Rz, will produce the same effect. Using this arrange- 
ment, Zin can be made as high as 1000 MQ. 


Bootstrapping in Power-drive Stages 

The principle described in this section is worth bearing in mind 
whenever swings of voltage have to be obtained which are com- 
parable with the supply rail voltage. 

The designer’s problem in such cases is shown in Fig. 15.3, where 
Ti collector rests at about +11 V in the quiescent state and is driven 
between bottoming and cut-off by Vin. With only light loading on 


+% (20¥) 


R, 1002 


Fic. 15.3 Power output circuit 


TeTs, Vou is therefore a square wave of maximum level about 
+20 V, and minimum level about +2 V. 

When R; is 100 Q, the +2 V level remains unchanged, but when 
Ti cuts off and T; collector rises, Tz emitter takes current and Tz 
base current increases, causing a voltage drop in Rs. Vout does not 
reach +20 V but has a maximum value governed by the equation 


20 - a an = (Voutmaz.) 


208R, 
Voutc¢maz.) = Roa 
To put this into words, the load requires a peak current of about 


90 mA, implying a Tz base current of about 3 mA. This would 
cause a drop in Rg of 6-6 V, so that the required positive swing will 
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not be attained. This difficulty often occurs in the design of audio 
power output stages; in other circumstances the simplest solution 
is to connect Rg to a more positive rail, but in audio design there 
is often no such rail available. It is here that bootstrapping becomes 
useful. 

In Fig. 15.4, Rs has been split and the junction bootstrapped by 
the output voltage through C3. If R34 and Rsz are each equal to 
1 kQ, then the voltage at their junction normally rests at about 
+15-5 V and T; collector at +11 V, the current in Rgz being about 
4-5mA. When T; cuts off, T; collector voltage rises, but because of the 
bootstrap connection and the near-unity gain of T2, the voltage 


+M% (20V) 


c 
4 
TL fin-2ve° J 


Fic. 15.4 Power output circuit with bootstrap 


across Rg remains at 4-5. This means that Rgz still carries 4-5 
mA, and since T; is cut-off, this current must flow into T; base, 
Assuming @ is 30, as before, Tz emitter current can reach 120 mA. 
This cannot occur unless Vout rises to +23 V (from its initial +11 V), 
and so Voue will reach +20 and limit. 

This circuit configuration is similar to the bootstrap sweep gener- 
ator referred to previously. Because this circuit is to carry signals of 
each polarity from the quiescent state, Rg4 cannot here be replaced 
by a diode since this would load Vous on negative swings. However, 
a diode can with advantage be put in series with Rg, thus reducing 
the loading on Vous on positive swings. 

Although square wave input was considered above, this was only 
for simplicity and the principle applies equally well for sine waves. 
The only design points are: (1) that the quiescent voltage across Rsz 
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must be such that the current in Rgz, when multiplied by (@2 — 1)* 
is greater than the maximum load current; (2) C3 must be such that the 
voltage drop across it while bootstrapping is negligible compared 
with the quiescent voltage drop across it. 


* (g2 — 1) rather than ge, because Raz is itself part of the load. 


16—Prototype testing 


Even the experienced designer usually finds it necessary to construct 
and test his designs before pronouncing them fit for production. 

There are many reasons why this is necessary: first, he may wish 
to evaluate the performance of the circuit in certain respects which 
were not directly controlled in the design (e.g. a particular d.c. level 
which has no specific limits put on it but of which it is useful to have 
some knowledge); secondly, in an involved circuit it is easy to make 
mistakes of arithmetic or to forget the influence of a certain tran- 
sistor parameter; thirdly, since the circuit as drawn cannot be achieved 
in practice because of the unwanted resistance, inductance, and 
capacitance of connections and components, it is often necessary to 
specify a particular layout after optimizing this by practical experi- 
ment. 

The following notes are intended to help the designer who lacks 
practical experience to avoid the most common errors in construction 
and testing, and also to suggest test procedures for the various types 
of circuit considered in the previous sections. 


GENERAL PRINCIPLES 


Although failure to meet a specification (or complete failure of a 
circuit to operate at all) is sometimes caused by bad layout, especially 
at high frequencies, experience has shown that the usual cause of 
failure is simply that the constructed circuit does not agree with the 
circuit design. 

It is strange that an engineer, after spending some hours in design- 
ing a circuit with great care, will often make an elementary wiring 
blunder, so that the circuit fails to operate. He then immediately 
assumes the design was faulty and wastes much time in re-checking 
the arithmetic (usually finding an error!); finally the wiring mistake 
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is discovered, usually by another person who does not even under- 
stand the circuit. 

This sequence is, unfortunately, quite common among all engin- 
eers and is analogous to the inability of many mathematicians to 
make arithmetical calculations. The simple operations of wiring and 
arithmetic are subconsciously regarded as being too trivial to justify 
much expenditure of time. This attitude, and eagerness to test the 
new creation, combine to produce mistakes. 

In another class altogether are those wiring errors where the 
connections are correct but where the moving of a wire by an inch 
along the same conductor means the difference between success and 
failure. This problem is by no means limited to high-frequency cir- 
cuits and is often the reason for excessive hum level or loop oscilla- 
tion in stabilizer circuits and audio amplifiers. The principles de- 
scribed in the following sections will be found helpful in curing 
these troubles, but in high-frequency circuits considerable practical 
experience is often necessary to optimize the layout. 

It would be useful if in the initial stages of testing several sets of 
components could be used to ensure that the design is not marginal 
owing to miscalculation or to component spreads outside expected 
tolerances. This is rarely feasible because of the time required for 
such tests, and the designer must usually await the first production 
run. However, two tests which to a large extent give the same 
information are the effects of temperature and supply variation. 

A good general rule in testing any circuit is, then, to subject it to 
changes of about 10 per cent in each individual supply rail (or more 
if required by the specification) and to ambient temperature changes 
of at least 10 degC. If the circuit is designed for smaller changes in 
these conditions, the tests may put the unit outside its normal per- 
formance specification. This is to be expected; on the other hand, 
complete failure to operate under these slightly changed conditions 
usually indicates unsound design. A circuit so marginal in operation 
that a 10 degC rise or 10 per cent supply change causes failure is 
equally likely to fail when a different set of components is used. 

Even if measurements indicate that a circuit is operating correctly, 
it is always advisable to check transistor operating voltages and wave- 
form amplitudes throughout the circuit. This does not normally 
require accurate measurements, and a direct-coupled oscilloscope is 
extremely useful in checking how near to bottoming or cut-off a 
circuit is operating by examining d.c. + a.c. levels. 

R 
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It is always important to examine signal waveforms even in a 
circuit which is intended to contain none, since it often happens that 
a d.c. stabilizer circuit will oscillate without disturbing the mean d.c. 
levels. Thus, normal d.c. tests would indicate correct operation and 
the next unit constructed could well oscillate much more violently, 
causing failure or excessive ripple. 

When designing a circuit it is usually assumed that the d.c. power 
supply, often a transistor-stabilized rectified supply, will behave like 
a perfect battery. That is, it is assumed to have negligible internal 
resistance or inductance and to be purely d.c. In practice the power 
source may be a dry battery having appreciable internal resistance, 
and even if a highly stabilized transistor supply is used, the long 
connecting leads can have enough inductance or resistance to cause 
trouble; moreover, unwanted ripple may be present. 

The precautions to be taken here are, first, to design the circuit so 
that supply resistance and ripple have little effect, usually achieved 
by decoupling-circuits; and secondly, to take care that prototype 
testing is done with various possible supply lead lengths and ripple 
content to confirm that these are not critical. If these factors are 
critical, then the circuit must be modified to accept any desired 
length of supply lead and ripple content. 


Failure at Switch-on or Switch-off 

Another, often infuriating, problem is transistor failure at the 
moment of switch-on or switch-off. The difficulty here is that no 
practical evidence can be obtained about the cause, except that surge 
voltages or currents must be responsible. Even more annoying is the 
circuit which sometimes survives switch-on and switch-off transients 
but once in a while fails; this is often missed in prototype testing but 
can be relied upon to show up in the entire production batch which 
follows. 

There are two main causes of this type of transient failure. The 
switching on of supplies can initially cause excessive voltages or 
currents to flow before the intended operating conditions are reached, 
often dependent upon the order in which the various rails are con- 
nected. On the other hand, although the supplies themselves may 
cause no harm, the initial action of the circuit itself can be the cause 
of excessive transients. 

Concerning the first of these possibilities, it is often recommended 
that for test purposes the supplies should be either switched 
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simultaneously by a single on-off switch, turned on in a particular 
sequence known to be safe or turned on at low level and brought up 
smoothly. The on-off switch method is best avoided (as a cure for 
transistor failure), sinceinevitably some time interval exists between the 
closure of various poles of the switch and this time changes with 
usage. Sooner or later the interval can be so long that simultaneity is 
lost, and failure will recur if one is unlucky in the resulting sequence 
of connection. 

The other methods are usually successful and can be justified when 
measurements have to be made to confirm quickly that the circuit is 
basically correct. Matters must not, however, be allowed to rest 
there, and since circuit modifications which will follow are likely to 
affect normal performance, it is unwise to take detailed accurate 
measurements until they are incorporated. 

These switch-on-off problems are not confined to transistor fail- 
ure; in many circuits capacitors receive surges of several times their 
running voltage at these instants; in others, switching surges cause 
no permanent damage but cause faulty circuit operation, especially 
in trigger circuits. 

Curing the surge troubles is not always easy and sometimes re- 
quires a completely different approach to part of the circuit. It is 
naturally important to understand how the damage can be caused, 
and this can be done easily provided the designer understands the 
basic principles of CR charging circuits. (Occasionally inductance 
is involved but, in general, capacitors which have to change charge 
to reach operating level are the cause of destructive transients.) 

To analyse switch-on behaviour it is assumed that each capacitor 
in the circuit is fully discharged, having zero volts between its plates. 
It is then assumed that the supply line is switched in zero time to its 
operating value and the transistor conditions are examined just after 
this value is reached. For switch-off analysis, each capacitance is 
assumed to be at its normal circuit operating level. The supply voltage 
is then removed in zero time and immediately afterwards transistor 
conditions are again examined. In some subtle cases switch-on can 
be damaging only if the capacitors are partly discharged so that there 
is a critical interval between switch-off and switch-on which leads 
to failure. Since each capacitor is likely to have its own discharge 
rate, the calculation required here to be confident of safety can be 
tedious. 

One example is given here to show how even the simplest circuit 
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can be difficult to assess. Figure 16.1 illustrates a simple pulse- 
operated light relay. The transistor OCP71 is a ‘photo-transistor’, 
which is basically a normal p-n-p alloy germanium with a clear 
envelope which enables light to reach the collector—base junction. 
Light here produces the same effect as heat in that it increases tran- 
sistor Jcpo, and since with the base open circuit the collector current 
is Bevo, the collector voltage varies considerably according to light 
falling on the junction. 

In Fig. 16.1 the light source is intended to be present whenever 
the unit is operating so that the collector voltage of the OCP71 is 
about zero (i.e. there is enough light to cause T; to saturate). Tz 
emitter and base potentials are therefore also zero, and so is Ts base. 
C therefore has zero charge and relay A/2 is not energized, implying 
that its contact Aj is in the position shown. 


OV(earth) 


Light source 


-i0v 


Fic. 16.1 Pulse-operated light relay 


If the light beam is interrupted, the current in T; falls below 
saturation level, so that T; collector potential falls and Tz base and 
emitter fall. Since C cannot immediately change its charge, Ts base 
also falls, turning on Tg and energizing relay A/2. This causes A; to 
change over, holding the relay in. 

Return of the light beam now results in Ts cutting off but relay 
A/2 remains energized because of the connection of Ai. Other con- 
tacts of A/2 can therefore be used to give a permanent alarm signal 
indicating that the beam was broken. This circuit can be used for 
intruder detection, critical level detection, and similar applications. 

From this rather detailed account it is clear that when the supply 
is switched on it is essential that Ts should not conduct even momen- 
tarily, since contact Ay would then turn on the relay for all time. 
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In a particular application the lamp and circuit were energized 
from the same supply and sometimes the relay would lock over at 
switch-on; at the other times correct action would be obtained, de- 
pending upon the distance between lamp and photo-transistor. 

This apparently mysterious and random effect was readily explained 
by circuit examination on the lines suggested above. Assume C is 
not charged; now apply —10 V to the circuit instantaneously, and 
also energize the lamp. To assess the voltage build-up on C, the 
conditions on T; and then Tz must be found. There are two possi- 
bilities here: (1) the lamp output causes T; to saturate before the 
—10 V succeeds in making T, collector negative: (2) the lamp is 
slow to give enough output to saturate T; immediately, so that T; 
collector initially falls towards —10 V. 


OV{earth) 


Fic. 16.2 Improved light relay 


It is now clear that in the event of (2) the voltage on Tz base and 
emitter falls and this is communicated through C to Ts, turning on 
the relay. In the case of (1), however, Ts emitter remains at earth 
potential and no trouble arises. 

The problem therefore resolves itself into whether the lamp or the 
—10 V supply arrives first at T:. Clearly, a supply line which is fast 
to rise can give trouble, especially if the lamp is distant, and unless 
this is recognized in the design of the supply the relay is likely to 
operate. 

Although this is not a case of destruction caused by switching, the 
difficulties which arise are typical of switch-on transients. The cure 
in this case can be achieved either by adding a time constant to the 
supply line to limit its rate of increase or by a re-design of the circuit 
which inverts the effect of the supply and the lamp (Fig. 16.2). 
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The operation of this circuit is as follows. In the quiescent condi- 
tion with the lamp lit and the —10 V supply connected Ty is satur- 
ated, so that Ti emitter is at almost — 10 V. The base current for T2, 
which is approximately 10/Re, is designed to be sufficient to make 
Te bottom, thus cutting off Ts (provided Vecsat) for Tz is less 
than the voltage needed to turn on Ts). Hence, the relay is not 
energized and contact A; is in the position shown. 

If the light beam is interrupted, T; emitter rises, causing Tz base 
to rise above Tz emitter. T2 therefore cuts off and, provided Rs is 
correctly designed, T3 now bottoms, turning on the relay. Contact 
A, closes and holds in the relay. When the beam is restored, Ti 
saturates, bringing Tz back into conduction and Ts to cut-off. 
However, Ai keeps the relay held in. 

Thus, in normal operation, this circuit behaves in the same way as 
the first. 

Consider now the switch-on sequence. As in the original design 
of Fig. 16.1, there are two possibilities: (1) the light reaches T; before 
—10 V is applied; (2) the lamp comes on after —10 V has been 
applied. 

In the first case T; will saturate the instant that any voltage is 
applied, so that, as the —10 V line rises, T; emitter immediately 
takes up the potential of this line. As the line rises, Tz is therefore 
made to conduct because of the current from Re and from C. Ts 
therefore remains off and the relay de-energized, so that correct 
conditions are established. 

In the second case T remains at first cut-off or slightly conducting. 
Application of —10 V then causes Tz to saturate immediately be- 
cause of the current in Re. When the lamp lights, T; saturates, bring- 
ing Tz even harder into saturation until C becomes charged (even- 
tually supporting about 10 V potential difference). Again, correct 
starting conditions have been obtained. 

The reason for the success of this circuit change is that initial 
transient currents have been made to assist, rather than oppose, the 
desired starting conditions. In particular, the charging current re- 
quired by Cis in such a direction as to turn on Tz even harder whether 
lamp or supply line appears first. 

This second circuit is fundamentally better than the modified form 
of the first which can be obtained by adding a time constant in the 
supply circuit (Fig. 16.3), since no real tolerance can be put on 
the effective rise time of the light source. This time depends on the 
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applied lamp voltage, the particular lamp used, the distance between 
lamp and photo-transistor and the sensitivity of the photo-transistor. 
All the designer could do in these circumstances would be to use a 
value for R’ and C’ (Fig. 16.3) so large as to be adequate under any 
conditions. This does lead to a safe design, but the waiting time 
before correct quiescent conditions are reached is then excessive. 

It is hoped that the above example illustrates the approach re- 
quired when a circuit has switch-on difficulties and shows how a 
re-design can sometimes be the only satisfactory solution. There is 
therefore good reason to assess such transient behaviour as soon as 
the geometry of a new design is envisaged, and before working out 
component values. 


OV (earth) 
° 


Fic. 16.3. Alternative method to improve light relay 


In addition to the above general points regarding circuit testing, 
a number of difficulties arise which apply to particular types of 
circuit, and these are dealt with below. 


Power Circuits and Stabilizers 

Special care must be taken in the construction of circuits involving 
high currents, because even short lengths of interconnecting wire can 
cause potential differences of many millivolts. If a high-gain amplifier 
is used in the circuit, these potential differences may be amplified, 
thus giving large unwanted outputs. 

The main precaution to be taken is correct routing of the wiring 
so that although the unwanted potential differences may occur, they 
do not become coupled to sensitive parts of the system. A second 
and more obvious precaution is to choose wire of adequate gauge to 
reduce the magnitudes of these potentials. This second method should 
not be carried too far, however, since in production it may be un- 
desirable to use really heavy wire; in fact, printed circuit track may 
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have to be used. The third, much quoted, precaution is to keep all 
leads short, again to reduce potential drops. This is even more 
dangerous if taken too literally, since in the great majority of cases 
it is better to ensure correct routing, even if this requires longer 
wires, 


8, c 


Fic. 16.4 Power supply with load remote from reservoir capacitor 


In Fig. 16.4, which represents a simple unstabilized d.c. supply, 
a quite common method for capacitor connection is shown. The 
arrangement is not really satisfactory, however, because of the 
resistance of the capacitor connecting leads. The load voltage wave- 
form is not then the normal sawtooth charging waveform but has 
added to this the peaky capacitor current waveform, as shown in 
Fig. 16.5. 


a i a 


SS; SS See - | 


Ya 
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Fic. 16.5 Ripple waveforms for Fig. 16.4 


Apart from the mental worry of the designer in observing this 
waveform instead of the expected sawtooth, the consequences of 
this effect are slight, because with practical values of ripple peak 
current and connection resistance, the extra voltage peaks are only 
of the same order as the sawtooth. For example, a 250 mA supply 
using a 5000 pF capacitor with 50 Hz bridge rectification will have 
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a peak-to-peak ripple given approximately by v = it/C, where tf is 
4(1/50) sec, i.e. 10 msec. Ripple voltage is therefore 4(10 x 10-%)/ 
5 x 108 x 10-8, that is 0-5 V. If the resistance of AB and CD 
totals 100 mQ (representing 10 in. of typical printed circuit track), 
the additional ripple is 0-1 Zpeax where Ipeax is the peak charging 
current for C, typically 10 times the mean load current, or in this 
case 2-5 A. Thus, the spurious ripple is (0-1) (2:5), or 0:25 V, raising 
the total ripple to 0-75 V peak-to-peak instead of 0-5 V. 

Real trouble, however, can occur when several circuits which are 
powered by such a supply are attached at various points on AB or 
CD. This is a very common problem with stabilizer circuits and can 
result in the stabilized output having a higher hum content and worse 
stability against load changes than the original supply! 


Fic. 16.6 Simple stabilized supply 


In Fig. 16.6 the actual connecting points are to be taken as if the 
lines represent actual wires and the stabilizer connections are 
deliberately placed very badly. 

In the normal operation of this circuit the load voltage Vep is 
stabilized by the following action. A fraction of Vep, namely Vgc, 
is applied between T; base and earth, and a stable Zener voltage 
Van is applied between T; emitter and earth. Should any change in 
load or supply line cause Vy to differ from Vac (ignoring Voe for 
Ti), then T; collector current will change, modifying Vcp in the right 
direction to restore Vay to equal Vgq. 

For correct action therefore it is essential that Vz¢ is a simple 
fraction of Vep, where Vcp is the actual voltage to be maintained 
constant. In the drawing of Fig. 16.6 it is evident that any potential 
drop along BC will change this situation. Since the wire BC carries 
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the ripple current of C, Vac could well have a peak-to-peak ripple 
magnitude of several millivolts and a d.c. value also of several milli- 
volts, since all the load current passes along BC. Thus—and this is 
the all-important point in the understanding of these problems—if 
the loop performs correctly, it will cause Vgp (not Vep) to be held 
constant, so that Vep will contain all the unwanted d.c. and a.c. 
variations of Vac. 

To remedy this fault, the temptation is to shorten BC or to use 
thicker wire, but although this will improve the performance, the 
real cure is to remove the connection between Rj and B and connect 
this wire direct to C. 

The situation now is that Vcc is a true fraction of Vcp, and so if the 
loop keeps Vc constant the output Vp is also constant. Further 


examination reveals, however, that the situation is still not ideal, - 


because ZD, is connected to ‘earth’ at A whereas the load and 
potential divider RiRe are connected at C. The loop will therefore 
endeavour to maintain Vay equal to Vac + Veop, so that again the 
output is made dependent not only on the intended reference voltage 
but also on the ripple and d.c. value obtained along a connecting 
wire. The cure is again to reconnect the leads by detaching ZD; from 
A and reconnecting to C. 

Examining now the remaining supply connections it is clear that 
any ripple voltage between the new zero reference point (or earth 
connection C) and J causes injection of ripple through Rg to the base 
of Tz and, hence, to the output. If no loop were present, the magni- 
tude of this output ripple would be roughly equal to that existing at 
J, i.e. the full ripple on reservoir C;. Although this effect will be re- 
duced by the gain in the loop T;Ts, it can still not be ignored, so that 
the ripple at J should at least not be allowed to be any larger than 
that of C; at F (Vzr). Resistor R4 should therefore be removed from 
J to F, and CE should be minimized in length. 

Ripple injected at K will have even less effect, but again its effect 
can be reduced by reconnecting to F. 

The new circuit layout is shown in Fig. 16.7. It will be realized 
that, as suggested by the drawing, many of the wires will be greatly 
increased in length by these changes. This is quite permissible pro- 
vided either that the currents in the long wires are negligible (RC, 
SC, TD, UF) or that the voltage drops have no significant effect 
(PC, QF). 

This example has been given in considerable detail to show how 
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simple is the reasoning behind correct layout in such cases. The 
sceptic finds it difficult to believe that these effects are even measur- 
able, let alone of great significance, but a practical test on a stabilizer 
designed for, e.g. 30 V, 1 A with 1 mV ripple, soon shows up all these 
dangers, spurious drifts and ripple levels of many tens of millivolts 
being quite usual with wrong layout. 


Fic. 16.7 Correct routing of connections for circuit of stabilized supply 


Similar problems arise in all types of amplifier but predominate 
where high currents are involved, as in power audio amplifiers and 
high-frequency amplifiers. 

The same principles with regard to correct routing still apply, but 
in the case of high-frequency amplifiers at frequencies in the tens of 
megacycles there is an additional difficulty: routing has to be correct 
but wires must also be short. The reasons for shortness are twofold: 
first, stray capacitance between wires, or to ground, can cause feed- 
back or signal loss to occur because a few picofarads is a very low 
impedance at these frequencies; secondly, the inductance of even a 
centimetre of wire has considerable reactance at high frequencies, 
causing loss or, worse, resonant effects. This is the basic reason why 
high-frequency practice still has to be regarded as an art. Only 
intuition and long experience will lead to the optimum arrangement 
of wiring, although the general principles of dealing with unwanted 
signal paths are still applicable. 

Since amplifiers require similar treatment to the stabilizer previ- 
ously discussed, only one example will be given (Fig. 16.8). 

This is a simple amplifier with emitter follower output, and at first 
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sight there is no difficulty in layout; indeed, in most applications of 
this circuit little thought need be given to cable routing. If, however, 
this circuit is used at high frequencies or for driving heavy loads, 
the situation is quite different. In either case the effect of load currents 
is likely to increase in significance because at high frequencies the 
inductance of wires causes larger voltage drops, and with heavy 
currents the resistance causes similar large voltage drops. 

In this circuit load current flows through T2 emitter and collec- 
tor, the return path then being along HJ, through the battery to 
A and back through B, D, and E to F. From the point of view of 
Ti, the signal is that which appears between its base and its emitter, 
i.e. the potential difference from C to E, if the losses in Cy and C2 


i 
Fic. 16.8 Simple amplifier circuit 


are ignored. The input is, however, intended to be Vez, so that T; 
has a spurious input of Vgz. Since the load current flows along BE, 
this spurious input can be large and may add to or subtract from the 
true input according to the frequency concerned. (At medium fre- 
quencies the feedback would be positive, giving increased gain and 
probable oscillation.) 

There are several remedies. Perhaps the simplest is to remove the 
link AB and connect A direct to F so that no load current flows along 
BE. Another is to reconnect capacitor C2 to B instead of E (and 
preferably take Rj to B also). It may happen that because of some 
existing printed board the above changes cannot be made. A possible 
solution then is to add RsC4, as shown in Fig. 16.9, in Te collector 
circuit with C4 returned direct to F. This last modification has the 
further advantage of avoiding load currents in the positive line and 
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is therefore useful in protecting any other circuits, which may have to 
share the line, from stray effects. 

The best arrangement, to be used where possible, would be a 
combination of all three methods, as shown in Fig. 16.9. 

In more complicated amplifiers employing several stages the diffi- 
culties considered above become multiplied in number and magni- 
tude: in multistage high-gain circuits the voltage drop caused by 
output load current flowing in a few inches of printed circuit track 
can be as large as the intended input signal to the amplifier. Since it 
is not always possible to avoid such a voltage drop, it is essential to 
use methods similar to those just described in order to isolate the 
critical stages. 


Fic. 16.9 Improved layout for simple amplifier circuit (Fig. 16.8) 


It would clearly be impossible to illustrate remedies to suit all 
amplifier circuits, but the following hints should prove helpful. 

The problem usually has to be approached from two directions. 
First, the output end of the circuit must be so arranged that the 
heavy currents flowing into the load and supply lines are localized 
and do not cause unwanted voltage drops in the more sensitive 
stages. Secondly, the sensitive stages should be sensitive only to the 
intended signal input and not to spurious voltage drops in connecting 
leads or track. This is easier said than done, but much can be achieved 
by simply ensuring that the emitter, base, and signal return paths of 
any one stage are each separately returned to one point in the wiring; 
if they have to be routed to different points along the same wire, then 
no other currents, especially large-signal currents, should be allowed 
to flow along the same path. 
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This latter point brings up a question which is really a circuit 
design rather than a layout problem, but since its understanding 
requires a similar approach it seems appropriate for discussion here. 
Referring to Fig. 16.9, the question which could have arisen in initial 
design is whether C2 should be returned to earth as shown, or to the 
negative line, or the positive line. After considering the above rules, 
it is obvious that ‘earth’ is here the correct choice, since only in this 
way can the emitter, base, and signal returns be made to the same 
point. Connection to the negative line would mean that any signal 
content on that line (caused for instance by the change of current 
which occurs in R4 when the output appears) would directly add to 
or subtract from the input, i.e. the true base-emitter signal voltage, 
which is the signal to which the transistor responds, would not be 
the intended input signal. The same is true of connection to the 
negative line. 

Another, and in practice more important, point is that at switch- 
on with C2 connected to the negative line, and with a low-impedance 
source attached to the input, the current which could flow through 
C2 and T; would be virtually unlimited, because initially C2 would 
remain with zero charge and would probably destroy T;. Conversely, 
with C2 connected to the positive line, switch-on would drag Ti 
emitter down to the negative rail, damaging T; if its reverse base— 
emitter rating is less than the supply voltage. 
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HALF-WAVE DIODE RECTIFICATION 


R Vout (0) 
rec CR>T 
i I 


| 
Ls hea 


y=& cosut 


T 
t=0 


Fic. Al.1 Half-wave rectifier circuit and input waveform 


Charge lost by Cin one cycle = Prout + (A.1) 
+112 
Charge gained by C in one cycle = I Eoconcntce Ve dt 
-W2 Ss 
1 V, t +112 
= [2 sin wt — ‘Vou| hay 
(Note: T= 2) 
wo 
a3 VT . at T 
= ray sin a RYout «»(A.2) 
Equating expressions (A.1) and (A.2) 
— Pesin IT) 
Vout = IRR + 7/7) a 
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Also Vout = Vs cos (wr/T) directly, +(A.4) 
therefore =—=-/|ta=-= «(A.5) 


From equations (A.3) and (A.5), (Vous/Vs) may be plotted against R,/R and 
against +/T (see Fig. 1.9). 


Power in Rs in 1 cycle, Prs = url. Vs — Vout)? dt 
bas: at)? 
“RT ME (cos xt — cos =) dt 
eB (tg gD cin Mt peg — Proce "sin at) 
= Fa (§ + 4g sin St + 108 T ~ Fg 008 wp Sin a nee 
Therefore 


-¥lz (3 + cost) — sin 227 


Now, power in load = P, = Vout and % = * fan 3 - $I: 


Therefore 


Prs _ PreR _ (ar/T)[t + cos® (wr/T)] — ¢ sin 2az/T) 
7 aa 7 cos? (wr/T) (tan (wr/T) — (z/T)) 


Full-wave (Fig. 1.7) and Bridge (Fig. 1.8) Rectifier Circuits 

Assuming input isolation is needed, each circuit requires an input trans- 
former. The transformer Tri for Fig. 1.7 must deliver twice the voltage of 
the transformer Trg for Fig. 1.8. Since each half-secondary of T;; passes 
current only on alternate half-cycles, identical cores and bobbins may be 
used for Ty; and Ty2, the latter using secondary wire of twice the area but 
half the number of turns. 

For economy, Fig. 1.7 is thus preferred, since diode cost is halved. 

However, in Fig. 1.8 Rs is effectively half that of Fig. 1.7 if transformer 
secondary resistance predominates over other contributors to source re- 
sistance. 

Technically, Fig. 1.8 is then superior, having in the limit a regulation 
performance twice as good as that of Fig. 1.7. 
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ANALYSIS OF BIAS CIRCUIT (FIG. 2.5) 


Assuming an emitter current J, collector current is («J¢ + Icvo), giving a 
base current (Kirchhoff’s first law) of (1 — «)Je — Icy in the direction 
shown. 


Therefore 
Vo = Roll — a)le — Icvo] 
i= = 
Now, I= a 
Therefore 


k= Ve— Voe — RAG —s ale — Zevol 
e 
_ Ve — Voe + Roledo 


te Ree RM 8) Nr 
Now, Ic = ale + Icvo 
Therefore 
— (Ve — Voe) + Tcvo(Re + Rv) 
Tie a, ea «(A.7) 
and Vi = TeRt 
je, Va RR lVe — Yoo) + Lon Re + Ro) ...A8) 
Special Cases 
(a) When 
Ry =0 
Ie = ae .(A.9) 
b moe Ve x LL a w-(A.10) 
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and Vi = Re [« bate. leo] we(Adl1) 
(6) When 
Ry> 0 
(1 — ale —Icnn = 0 
Therefore 
i= jj .(A.12) 
ae) 
I, = I, = ale + Ievo 
ie. 5 wn(A13) 
l-a@ 
and Vi = Rr, ae fAL14) 
(c) When 
Re =0 
Rel. —e)le—Ievol+ Vie = Ve 
Therefore 
— Ve-Voe+ Rolevo 
i= ee a «(A.15) 
Also, Ip = ale + Icbo 
Therefore 
— «(Ve — Voe) + Rolevo 
Ip = ia aa pe +.(A.16) 
: a(Ve — Vie) + Rolevo 
and Vr = Rp (eee aay ++(A.17) 


Notes 

Special case (a), Ry = 0. Ie is independent of «, Icy and Vie provided 
that Ve > Vie. 

Ic somewhat dependent on J¢po and «: only slight dependence if J; > Ico 
and « = 1. 

Special case (b) Ry —> ©. I, and J; critically dependent on « and directly 
proportional to Igy. 

Special case (c) Re = 0. Ie and I; critically dependent on «. Dependence 
on Iepo is great if RoIcvo > Ve, negligible if Rolcvo < Ve. 
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ANALYSIS OF EMITTER FOLLOWER AND GROUNDED 
EMITTER AMPLIFIER 


vy may be expressed by three different equations, from which the required 
eet = Bee wa ae, 

values of Zin = 3! — Zs, Zoute = 4 vg Z0te = B+ aly, Pelve) 

and (ve/vs) may be obtained. 


Fic. A3.1 T equivalent circuit for all amplifier forms 


This circuit is sufficient for general analysis, since any input arrangement 
may be expressed as a source of e.m.f. in series with an impedance 
(Thévenin’s theorem). 

By Kirchhoff’s second law 


vy = —idlre + Ze) «+ (A.18) 
vy = vs — is(Zs + ro) «-(A.19) 
vy = Felis + (1 — adie] + (is + ie)Zz +(A.20) 
Input Impedance 
From equations (A.18) and (A.19), 
vs — isZs + ry) + ite + Ze) = 0 ++(A.21) 
From equations (A.18) and (A.20) 
ite + Ze) + relis + (1 — adic] + (is + i)Z_ = 0 
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Therefore dre + Ze + (1 — are + Zr) + islre + Ze] =O  ...(A.22) 
From equations (A.21) and (A.22) 


-M%_7 (re + ZeMre + Zz) 4.23 
Zin bis Z=m+ re + Ze+ Zi + (1 — are --(A.23) 
If (Ze + Zt) < (1 — a)re, «+(A.24) 
this reduces to 
Zin * ro + ret ee 
i.e. Zin = B(Ze + 1/gm) «-(A.25) 


This of course applies for both emitter follower and earthed emitter 
amplifier. 
Emitter Follower Voltage Gain v-/v; 

From equations (A.21) and (A.22) 


t= wig [re + Zp + Get Me + Ze + Mu +O Oe 


te+ ZL 
«+ (A.26) 
Therefore 2¢ = — #2 . 
Ds Ds 
Se et ee ee BE 
re t+ Ze + (Zs + rote + Ze + Zi + (lL — a)rel/(re + Zz) 
If Ze + Zi < (1 — are 
this reduces to 
Ye _ Ze Pe Ze 
vs te+ Ze+(Zst rol — a)” Ze + I/em+ Zs/B 
++(A.28) 


Emitter Follower Output Impedance 
This is given by ve/ie for constant vs, Ze being varied; hence, w., 
is required in a form which does not include Ze. 
Now, Ve = lere + vs .(A.29) 
From equations (A.19) and (A.20) 
— is(Zs + rv) = relis + (1 — adie] + Cis + i) Zi 
i.e. vs = iZs + ro t+ re+ Ze) + idZr+(1— are] ...(A.30) 


APPENDIX 3 269 


Therefore from equations (A.19) and (A.30), 


nA p-sythe vs — ieZz + (1 — a)re] 
us Oe a) Fee epee 


Hence, from equations (A.29) and (A.31) 
ammi— [ Zs + ro | + hp fro 4 Get roZz + (1 — are] 


+--(A.31) 


Zetrot+re + Zz, Zs+rotre + Zi 
Therefore 


Ov, mal 
Zoute = Fel, = te + Ze + n) 3% So Se KS) 


+rotre+ Zi 
If Z; + Zz < re and Zz < (1 — a)ro, this reduces to 
Zout ¢ = re + (Zs + rol — a) © Zs/B + lem ++ (A.33) 
Note that emitter follower gain and output impedance are unaffected by 
Zr, provided Zr < (1 — a)re. 
Earthed Emitter Amplifier Voltage Gain v¢/v, 
Ve = (is + ie)Zz = ofl + (delisZz -(A.34) 
From equations (A.22), (A.23) and (A.34) 


vs 
Zot rot (e+ Zl — at (re + Ze + Zire + Zr) 


: [i = (rc + Zz) | Zh 


t= 


te t+ Ze + (1 — a)re + Zz, 


Therefore 
1 oo a 
vs Zet+rot+(ret+ ZeMre+ Zi — a)re + (2 — a)Zi + re + Zed 


Ye + Ze — are | 
(1 — allre + (re + Ze + Zx)/(1 — @)] 


If Ze + Zz < (1 — a)re, this reduces to 


tet Zetia) lem tZet Zab oD 


If Ze = 0, Zz > re, = z = (maximum voltage gain/stage). 


Earthed Emitter Amplifier Output Impedance 
This is given by 
prtee si Je 
is + ie)|vs 
so that ve is required in terms of (is + ie) but without Zz, which is variable. 
The negative sign comes about because of the assumed direction of 
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(is + ie): if the load is changed to produce larger v¢, then (is + ie) as 
drawn will decrease. 


By Kirchhoff’s second law 
Ve = —idre + Ze + (1 — a)re] — iste 
4 Ove : (2v¢/Bie)|vs 
es, Zoute = — Bi + ilu ~~ 1+ Cialdie) 
8v¢ dis 
and ae =—-—([re+Z+ (1 — ar — ret, 
From equation (A.21) 
4 a tet+Ze 
Gicdlvs = Zp + Td 
Therefore as =- [r + Ze+ (1 — are + ret A 
Therefore 


Z _ vet Ze + (1 — are + rere + Zelro + Zs) 
Oe eh re caret Zo 


_ thre + Ze) + (Ze + role + Ze + (1 — are] 


ie. Zout ¢ Zet+Zet+tet+r 
«+ (A.36) 
If Ze + Zs > re + rv, Ze > (1 — a)re, and Zs < re, this reduces to 
Ce rdZe + sae + Zs] ..(A.37) 
Thus, for Z, < Z, (often so in practice) 
pen -.(A.38) 
If, on the other hand, Ze + Zs < (1 — a)re, 
ae rdre + ae + rere ..(A.39) 
If also re < (1 — a)ro, 
Zout c—> relB 
and if re ~ (1 — a)ro, 
Zout ¢—> 2re/B 


The practical interpretation of these results is that Zou¢ from the 
collector circuit is very high (rc) if Re is large (which leads to low voltage 
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gain) and moderately high (r¢/f) if Re is zero. For intermediate values of 
Re, Zout c lies between these extremes. 


ANALYSIS OF EARTHED BASE AMPLIFIER 


Fic. A3.2_ Earthed base amplifier and equivalent circuit 


For this circuit Zin ¢ and vous/vs are required. Zout ¢ is identical with the 
earthed emitter case, since the circuits are identical when vs is constant. 
By Kirchhoff’s second law 


vy = (Zp + roie — ic) .-.(A.40) 
vy = ric — Gie) + icZy --(A.41) 
0s = (re + Zs)ie + v7 +(A.42) 
Input Impedance vs/ie — Zs 

From equations (A.40) and (A.41) 
iro + Zp + arc) = iro + Zp + re + Zr) --(A.43) 

From equations (A.40) and (A.42) 
Vs = iZs + re + Zo + rv) — (ro + Zo)ic + (A.44) 


Therefore, from equations (A.43) and (A.44) 


Z+— 
Jue z = Zy= t+ Get 2) ; “tN = 


Note that this result is identical with Zouz ¢ for the emitter follower, pro- 
vided Zp is replaced by Zs (see equation (A.32)). If Zz < (1 — a)re and 
ry + Zy < re, this reduces to 


Zine = te + (Zp + rol — a) = 1/¢m + RolB 


Voltage Gain vou:lvs 
From equations (A.41) and (A.42) 


vs = ie(Zs + re — are) + ire + Zz) + (A.46) 


++(A.45) 
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From equations (A.43) and (A.46) 


. + Zp + Zz, 
ot Zidle = te'— 1dZ, + re— arg ee 


ro + Zp + are 
Therefore 
ef! (re + Zsro + Zy + re + Zr) + (Zo + roMZr + (1 — ared 
ro + Zo + are 
therefore 20M = 4e2z _ 
vs vs 


(ro + Zo + are)Zi (A47) 
(re + Zs\ro + Zo + re + Zz) + (ro + ZMZ_ + Cl — are] 


If Z, < (1 — a)re and Zp + rv < re, this reduces to 


np i Se 7 Ee a a Se cama Se 
Ds te+Ze+(Zo+rl—a) ~ ilem+ Ze + Zp 


+(A.48) 


Note the identity with equation (A.35) for the earthed emitter amplifier 
if Zs is replaced by Z, and Zp by Z,. 


HIGHER-FREQUENCY T-EQUIVALENT CIRCUITS 


Although the simple T-equivalent circuit is adequate for low-frequency 
analysis, there are several additional parameters which become important 
at higher frequencies. The most significant of these are the collector de- 
pletion capacitance C, and the change of a with frequency. The effects of 
these can be represented approximately by the modified equivalent circuit 
of Fig. A3.3. 


(nim) 


Fic. A3.3 Simple high-frequency T-equivalent circuit 


Here the collector capacitance C;, is shown in parallel with rz and a is 
replaced by ao/(1 + jf/fo) where ap is the low-frequency value of a and fo 
is the ‘cut-off’ frequency at which a has fallen to ao/4/2 with an accompany- 
ing phase lag of 45 degrees. 
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This circuit is only approximate, since C, is more correctly connected 
to a point along rp, i.e. between the base and the r¢/rp/r¢ junction. Also, 
the frequency law for a has been assumed to behave like a single CR net- 
work in having 45 degrees phase angle when its impedance changes by 
2:1; this is near the truth provided f + fo. 

In general, more correct equivalent circuits are very limited in practical 
application. Any increased basic accuracy they possess is offset by the 
difficulty in analysis, and at frequencies where the deficiencies of Fig. A3.3 
are noticeable the designer should be using a higher-f, or a lower-C, 
transistor. 

As so often in circuit analysis, there is no point in highly accurate cal- 
culation, because fp and C; have large variations from one unit to another 
of the same type. Usually the designer will need to know the effects merely 
to ensure that they will be insignificant. 


HIGH-FREQUENCY ANALYSIS 


Calculations of gains and impedances using the simpler equivalent circuit 
are correct for Fig. A3.3, provided re is replaced by r¢/(1 + jwCre) and aby 
@o/(1 + iflfo). The practical difficulty of interpreting the results is now 
very great, and to obtain useful answers still more assumptions must be 
made. One is that Zz < r,/[B(1 + jwCr,)]. Although this was used in 
the low-frequency analysis, its significance is now different, because 
re/(1 + jwCre) can well be only rc/10 at some frequency in the band 
of operation; however, 8 is much less than its low-frequency value fy as 
soon as f]f rises to even a very small fraction of unity. In practice 
Zz < r-[{8(1 + jwCr,)] is therefore still valid for most circuits. 


Effect of Frequency on 8 
a a za a 
Tee Seog 
= = 
Now, c= 7 Wh 
Therefore 
im ao = —40/(1 = ao) qed) Sn 
T= a + iff 1+JU0 — afl ~ 1 T + j(Pofifo) 
Hence, B becomes fo/+/2 when f = fo/Po 
Effect of Frequency on gm 
ee: ee 1 


Yet relB re + rol(1 + jBoflfo)/Bol re + (ro/Bo) + rei( fifo) 
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Therefore | gm | becomes | 2mo/+/2 | when 
s~(q+3) 
therefore gm may be written 
&mo 
1 + Jf[Lfo(1/Bo + re/ro)) 
The following results are derived from the simplified low-frequency 
analysis. 
Input Impedance to Base Circuit (Zn ») 
Zin b = Blem + BZe 


po! eee 
1 + j(Boflfo) 


ei Ba 1 + gmoZe + ifflfo(1/Po + re/rv)) 
Smoll + j(Bofifo)) 


if Ze > lem 


[* + ifol1/Bo + relro)) z,| 
&mo 


BoZe 
Zi SS eS, 
in? 1+ j@ofif) 
which falls by «/2 in magnitude, and has a phase lag of 45 degrees when 


f= folB. 
If Z=0 
= 1 + JffLfo(1/Po + relro), 

Zino = Bolgmo fal 
which falls as f rises. 
Emitter Follower Gain (v¢/vs) 
ane BS eae es 
vs Zet Wiemt+ Zs/B 

Ze 


Ze + {1 + sfLFoll/Po + relra)Dlemo + Ze [1 eet 
This falls by +/2 (i.e. is 3 dB down) when 
pe gg | Ne =e 
“1+ 5a) he FZ + FegmotlPo + = 


. =. Ze + \/gmo + Zs/Bo 
ve Faas = Calbo {y pe tenet ee 


When Z, > Zs/8o + 1/gmo, this gives fg an = foZegmo(1/Bo + re/rv). 
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However, many assumptions made hold only for f < fo, so the only 
safe conclusion here is that in this case 


fan © foZegmo(1/Po + re/rv) but is never > fo. 
If Ze < [[1/gmo] + [Zs/Bol], then fs ap ~ fo/Bo- 


Emitter Output Impedance (Zoute) for emitter follower or earthed 
emitter amplifier 
Emitter Input Impedance (Zin ¢) for earthed base amplifier 
These two quantities are identical provided Zs in the Zout e formula is 
replaced by Zp in the Zin ¢ formula. 
Zine = Zout e = (Zs/P) + U/em] 


Thereloce Zn « —Zout = 2+ JOusl) , 1+ MMCbo + re 


Therefore 
Zine = Zout e = (/gmol + [Zs/Pol + /(f/Fo{Zs/L¢mo(1/Po + re/ro)}} 


This rises by a factor «/2 and has a phase lead of 45 degrees when 
f ® folB. (Zout e at folB is therefore inductive and resistive.) 


Earthed Emitter Amplifier/Earthed Base Amplifier Voltage Gain (2) 
Earthed emitter 
From (A.35) 


Dee obs 
vs Ze + Vem + 25/8 


ZL 
™ Ze + (emoKl + Hiol/Bo + relro)l) + (Zs/PoG + Poffo) 


és Ze + \/gmo + Zs/Bo 
$03 = S075 Tema Po + rel) 


Therefore 
When Ze = Zs; = 0 
fa an = fo(1/Bo + relro) = fo/Po 
When Z-> 1/gmo and Z; = 0 
fa an = fogmoZelPo 


Since previously we have assumed f < fo for the equivalent circuit to be 
valid, this equation is correct only if fs an <fo. 
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Earthed base 

As above, but Z, is now called Z;, 
Therefore when Z; = 0 and Z, = 0, 


Ss an * folBo 
When Z; > 1/gmo 


ind ©’ provided fg an < fo 


ASSESSING THE EFFECTS OF Cz 


The above equations are derived under the assumption that r¢/(1 + jwCore) 
is large compared with 8Zz. Many cases arise where this is untrue, and the 
analysis becomes too unwieldy to have practical value. It is simpler to 


Fic. A3.4 Earthed emitter amplifier with rpez and C, 


analyse as above and then assume an external emitter-collector capacitance 
from collector to base and an additional external base resistor. This is in 
many ways more correct than the circuit of Fig. A3.3, as was indicated. 
The value of the external resistor rpez can be deduced from the J; or Ie 
against Vje curves which give gm. At high currents (i.e. near the limit for the 
particular device) the re component is small and the internal rp is also small. 
Hence roez is given by 8/gm at high current. Alternatively it is given by the 
slope of the J» against Vp. curve directly, again at high current, The 
circuit now becomes as shown in Fig. A3.4; C, and ryez can now be 
treated as external components, C, acting as a negative feedback or 
‘Miller’ capacitance and rez as part of the source resistance. 


| 
| 


Appendix 4 


ANALYSIS OF FEEDBACK AMPLIFIER 


Fic. A4.1 Amplifier with shunt voltage feedback 


Voltage Gain vout/vin 
By superposition 
RRi/(R + Ri) RRo/(R + Re) 
OLS Vout Re + [RRR + RY)” Ri + [RRR + RD 
++(A.49) 
and nate a w.(A.50) 
From equations (A.49) and (A.50) 
RRo|(R + Re) 
Vout _ ___Ri + RRa/(R + Re) 
un UL + RRi(R + Ri) 
Ro + RRi/(R + Ri) 
RRo|(R + Re) Re + RRi/(R + Ri) 


Ri + RRo/(R + Re) RRi/(R + Ri) 
Re + RRif(R + Ri) 1 
ARRi|(R + ~ARRi|(R + Ri) 
Ro/Ri 
a 7, Bet RRR SRD - Ret RRR RD oe (A.S1) 
~ARR(R + Ri), 
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If R> Rj, this reduces to 
— Rol Ri w(A.52) 


vin «1 + (Ri + ROAR 
When ARj/(Ri + Re) > 1, 
Vout _ _ Re 
a ORE +.(A.53) 


Frequency Response 
If A = Ao/(1 + ff) (i.e. the 3 dB high-frequency cut-off is fo), then 
from equation (A.51) 


a 
Din 1, A + WAP Re + RRR + Ry) 


AoRRi/(R + Ri) 
This is 3 db down when the real and imaginary parts of the denominator 
are equal. (If z= 1/(x + jy) then |z| = 1//(@? + y®) = 1V2@)] 
when x = y.) This occurs at f= f’o, if vout/vin is expressed in the form 


io, Aeelie 
vin =1 + ififo 


fo’ _ AoRRi/(R + Ri) + Re + RRi/(R + Ri) 
fo Re + RRi/(R + Ri) 


rl i RRi(R + Ri) 
ie. f= {1+ do ht 


If R— © and AoRi/(Ri + Re) > 1, this reduces to 
So’ = folAoRi/(Ri + Re)] 


A similar result is obtained for low-frequency response, i.e. improved 
by a factor AoRi/(Ri + Re). 


Now 


Input Impedance 
Zin = 20% 
Citn\Pout 

- _ Vin — V1 _ Vin + Vou/A 

Now om ieee ae 
(from equation (A.50) 
Therefore, from equation (A.51) oe: 4 
itn = Un |>- + ape Ro + RRi/(R + Ri) 
Ri AR | + TRRR + RD 


= Yin A+1+ RAR 
A+1+ RAR+ RRR 
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vin 


— 2vin| ai Ro 
‘Thesetore 40- Falte aT OR 
IfA + 1+ Ro/R> Ro/Ri (i.e. ARi/Re > 1), 
Zin = Ri «-(A.55) 
Output Impedance when Amplifier Output Impedance is Zoue 
Fic. A4.2 Feedback amplifier including Zoue 
By superposition P s 
ts 2 1 
v1 = Vin Rt+k + Vout Rit Re +.(A.56) 
and Pout — (itn + iout)Zout = — Avi «(A.5S7) 
Also gS .(A.58) 


Ri + Re 
Therefore, from equations (A.56), (A.57) and (A.58) 


ARi Zoe |, Vin _ 
Vout R+tk + Ra ¥ Re Fe “al = ioutZout + Ri + Re (Zout — ARe) 
Therefore output impedance = 
ovout| Zout 
= i eee (ASI 
Beal» 1 AUR + Zou Ri + ROI “wi 
If Zout < Rand AMF RS 1, this reduces to 


: = Zout 
Outeat ingedance = Sa a 


Positive Feedback Within a Negative Feedback Loop 


Fic. A4.3 Feedback system with positive and negative loops 


Here Ai and Ag are the ‘normal’ stages of the loop amplifier. Ag has 
positive feedback by R4 and the overall gain is negative in sign. 
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wf sf «f 
Fic. A4.4 Positive feedback loop 


Consider the positive feedback amplifier alone. 
By superposition 


ORS + Rit Re + Ra 
and a = 13 
Therefore ee Ral Rs 


dg —1 + [(Re + R/AaRs] 
Returning to the whole system, 


ied m4 —AiA3RaJ Ro 
a 4143. ~ XT + [Rs + Ra AaRel 


--(A.60) 


+-(A.61) 


--(A.62) 


++(A.63) 


The expression for vs/x1 may be written for —A in equations (A.49)- 
(A.59) for a ‘normal’ feedback system. In each case the value of 42 equal 


to (Rs + Ra4)/Rs is equivalent to an infinite A, 


Therefore Bouts) 2 Ra 
Vin Ri 
Zout = 0 
Zin = R 
foo +o 


However, slight departures from Ag = (R3 + Ra)/Rg have great effect 
on v5/v1, So that Zous can be negative; Zin can be less or greater than Ry; 
and f,’ in practice is not infinite but depends critically on the cut-off 


frequency for A. 


Appendix 5 


DIODE PUMP STAIRCASE GENERATOR 


Fic. A5.1 Diode pump 
After the first input pulse, 


gps 
(out) = ara 


++(A.64) 


If, after (x — 1) pulses, e(ouz) is denoted en-1(ous) then the n(th) pulse 


increases eout by [Ci/(Ci + C2)] (Vin — en-1(out)). 
Therefore — €n(out) — &n-1(out) = asa Mn — &n-1(out)) 
Similarly en—1(out) — en-2(out) = ote (Vin — &n-2:0ut)) 
Equation (A.65) may be written 

€ntout) — €n-Lout) ate = ote Vin 
Equation (A.66) may be written 

€n-1iout) — en-2tou oe = ate Vin 
This sequence may be continued until finally, when » = 2, 

xout, — C0out) = ote Vin 
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«+ (A.65) 


++(A.66) 


+ (A.67) 


++(A.68) 


++ (A.69) 
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which confirms equation (A.64) provided eoouz = 0, ie. C2 carries no 
initial charge. 

By multiplying equation (A.68) by C2/(Ci + C2), the next equation in 
the sequence by [C2/(Ci + C2)}? etc., and finally equation (A.69) by 
[Co/(Cy + C2)}"-1, the following equation for enous) is obtained by 
addition: 

Co 1g fs 
€n(out) — €0(out) (& Ca 


C1 C2 Cg \n-t 
ental tatat:+ (ata) 


pe (<Se)" 

C C a+C 

Therefore en = eovout) (gS = a) tla TG a 
ae Ci + C2 


i.e. én = Vinfl — [Col(Ci + Coy}, if eorout) = 0 


Appendix 6 


LOW FREQUENCY RESPONSE OF HIGH IMPEDANCE 
BOOTSTRAP CIRCUIT 


In the following analysis of a nominally unity-gain amplifier, using boot- 
strap feedback to obtain high input impedance, three commonly encoun- 
tered non-ideal conditions are considered. These are the presence of source 
resistance Rs, parallel resistance R from amplifier input to earth (i.e. any 
un-bootstrapped component), and non-unity gain in the amplifier (i.e. 

For normal conditions it is shown that these have little effect on either 
the frequency or the gain at the response peak. 


wn Yaug=M% (1-8) 


Fic. A6.1 Amplifier with bootstrap feedback 


Note that it is inadmissible to state that Cs and Cy will be made so large 
as to be unimportant over the signal frequency band, since however large 
they are there is always a frequency at which a peak occurs. Even though 
this frequency may be outside the intended signal band, it can still cause 
trouble by overloading following stages after an input transient, caused 
by switch-on or changing the input source. In an extreme case where C; 
and Cp» are much larger than normal design would dictate, and where 
C>/Cs is also large, an amplifier intended for audio amplification can block 
for several seconds after an input transient. 
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Analysis 


The current in Ry2, namely v1/Rye, is the sum of two currents, one from 
Roi, the other from Cp. 


Hence, Bee [PRP + - dm - moo] 
Therefore 
vpRoafl + jwCy(1 — 8)Roi} = vi{Ror + Roa(1 + jwCpRor)} 
++(A.70) 
Now, vp is given by 
vp = Rip 
and also by 
vy — v1 = Roalis — 
= Ra (i = 2) 
Therefore w[1 + Aa] = 1 + Rov (AT) 
Therefore, from equations (A.70) and (A.71) 
Ror _ Roafl + joCoRoi(l — 5)}] _ ; 
Up [1 += R — Rn + Rall + joCpRn) + Ral + joCpRop| ~ isRoi — ...(A.72) 
Now, gr (z “ x) +0 (A.B) 


Therefore, from equations (A.72) and (A.73) 


yf + Bot — Real + foCoRoit — 8) 
Us = Ub 1+ (R +z) Roi + Roa(l + joCoRor) 


Rn 
«+(A.74) 
Therefore G = Vout _ (1 = 8)vy 
Ds Vs 
7 1-3 

1+ Ror _ Roafl + joCoRni(l — 8)} 

1+ (R + 2) R___ Ron + Real + joCoRoi) 
jwCs Ror 


Rt Roi + Roll + joOoRn 


Reifl + jwCoRvad} 
) 
Rn 


1-5 
Roi + Roa + R + joCrRoei Ror + Rd} 


T 
= (x + a) RiRoi + Roe + joCpRoi Real 
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(1 — 8)(Roi + Roa + ee 
Therefore G = 
patie ~ Ae Be) © Ra (4 + 8) 


+ j [oc (RorRee + ReRin {22 + }) 


1 Ro + Roa 
— aG, ( + unl oe )| 
Therefore |G| = (1 — 8) x 

(Ror + Rog)? + (CoRor Roe)? 


[os + Rie + Re (1+ SAF Rie) 4. & Rye (42 +2)" + 


(man nae) = 


++(A.75) 
|G| is maximum near 
aC (RorRee + RoRoo{ R04 s}) = e(! + Bu Be 
ees Ror + Rea 
ie. 2S cece 
CsCoRv2 [Rn (1 + *s) + Ral 
ji 4 Ra + Ros + Ree 
or «»(A.76) 


"Festa [Ro te + *) + Ral 
For this value of w, |G|maz. is given by, from equation (A.75), 


Hie (1+ (Ror + Roa/R)CoRvaRor®) 
[Glmas, = (1 ~ 8), / {Ron + Regt CURT Real AIC o Resor) 


Roi + Roz Rou 
R + Rae (AB +8) 


Rox + Roa+ Re(1 + M7 Res 


In the typical case where R> Roi + Roe (a) 

R> Rs (b) 

Rd < Ror © 

and 8<1 (d) 
equation (A.76) reduces tow = Pian le Lhe .(A.77) 


V(CsCoRo1 Roe) 
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giving 
IGlmaz — Vi(Ror + Roa)? + [(Co/Cs)RoaRoi}} 
Roi + Roe 
Ro 
Therefore |Glmaz. = R [1+ +e ae eS] ...(A.78) 
These simplified results are combined in Fig. A6.2. 
ed ee ees 
Roy Roa { 
vi y Peed H 


Fic. A6.2 Frequency response of bootstrap circuit 


All the assumptions are valid in normal use. 


(a) Implies that spurious parallel components of input impedance, 
which are not bootstrapped, are to be much greater than the total value of 
the base resistors Ry; and Rye; this would usually be true since there would 
otherwise be little point in bootstrapping Rp1. 

(b) Implies that the direct attenuation caused by source resistance and 
spurious parallel R is negligible. 

(c) Further implies that the attenuation caused by the source resistance 
coupled to the bootstrapped value of Rp1 is negligible. 

(b) and (c) are always true when the bootstrap circuit is intended to 
give approximately unity-gain and is therefore designed so as not to 
load Rs appreciably. 

(d) Means that the bootstrap feedback is nearly unity, a necessary 
condition to make the circuit effective. 


The assumption made that |G| is maximum when the second denom- 

nator term in equation (A.75) vanishes is valid unless Cp/C; is very much 

greater than unity. In such cases the second numerator term shifts the peak 
frequency; this effect is usually negligible. 


Inductance Analogy 


The reason for the peculiar response of this circuit (Fig. A6.1) can be seen 
by considering the result of a step input. This step appears at the amplifier 
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input (vp), at the output (vox), and also at v;. Thus initially there is no 
change of current in Rp. While the step remains at vs and (assuming only 
slow discharge of Cs) at vp, Cy begins to discharge, so that v, returns 
towards its original potential. The current in R»i therefore increases ex- 
ponentially and finally becomes 1/5 times its original value. (This is not 
strictly true, since by this time Cs has discharged thus modifying the 
exponential.) 

The above sequence shows that the current in Rp; begins at a low value 
and steadily increases, which is similar to the behaviour of an inductance. 
At the frequency where C; resonates with this inductance there will there- 
fore be a peak in the response and the peak frequency will be given by an 
equation of the form 


1 
Be 2aV/LCs 
Examination of the results of the analysis shows that the equivalent L is 
approximately RyiRyeCp. 


If the equivalent inductance is assumed to have internal series resistance 
r, then simple sine wave analysis} shows that the gain at the resonant 


frequency is 
Fi [1+ 4 a ad 
Cs 


This is identical with the simplified result of the main analysis if r = 
(Ror + Rep). 


t Analysis of LC; series circuit 


cs 
| L 
Va~ few 
r 
Vout joL +r 
vin or + j(wL — 1/wCs) 


tat | = it 
Din Vir? + (wh — 1]wCs)} 
At resonance wl = 1/(wC,) 

ee ft te 


=i ia 
vin 


If L= Ru Ria G 
and r=Rnt Reo 


lF2|- Jb + caer 


Therefore 
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For frequency calculations near the response peak the circuit to the 
tight of C; in Fig. A6.1 can therefore be represented by an inductance 
of RoiRreCp and series resistance of (Rp + Roz) to earth, as shown 
in Fig. A6.3. 


Lo Ry Real 
Yout 
reRyt Ry 


Fic. A6.3 Equivalent circuit of amplifier with bootstrap feedback 
(Fig. A6.1) for approximate analysis near response peak 


Note that for a given low-frequency limit at which normal bootstrapping 
is to be effective, CyRy2 will be constant, and that (Ry1 + Rg) will be 
determined by bias conditions and will also be constant. The effective L is 
therefore proportional to Rp1 and the ratio Ryi/Rpe should be as small as 
possible consistent with Ro1/8 representing sufficiently high input im 
dance, 


Transistor data 


For details of specific transistor types it is advisable to consult the 
appropriate manufacturer who is always pleased to supply up-to-date 
information. 

Most of the symbols used for transistor parameters are defined by 
the manufacturer but the terms fo, fa, fz, fr, and fn so, fn ze often cause 
confusion. All are concerned with the behaviour of current gain at 
high frequencies. 

So = fz = fnyo, often called the ‘« cut-off frequency’, is the fre- 
quency at which «, known as jy in h parameters, has fallen by 3 dB 
from its low frequency value. 

Sa = Snse, often called the ‘8 cut-off frequency’, is the frequency a} 
which 8 (or /ye) has fallen by 3 dB from its low frequency value. 

Jr, known as the ‘gain-bandwidth product’ is the product of 8 and 
the frequency at which it is measured, provided this frequency is 
much higher than fg. A simpler but less flexible definition of fr is the 
frequency at which § has fallen to unity. 


Relative Magnitude of f,, f, and fr 
It is easy to calculate fg in terms of f, from the equations 8 = 


l-« 


anda = For normal cases where 8 > | this gives f, = i has 


ao 
1 + j(fifo) 
Similarly fr ~ fa. 


Practical Uses of f., f2, and fr 


As shown in Appendix 3, the gain at high frequencies of an earthed 
emitter amplifier is 3 dB down compared with its low frequency gain 


289 


290 ELECTRONIC DESIGNER’S HANDBOOK 


according to the following criteria, assuming that collector capaci- 
tance is negligible: 


(@) Emitter fully decoupled, 3 dB down when f ~ fa = 3 fat 3 fr. 


(b) Emitter undecoupled with R, > re, 3 dB down when f ~ fz = 
Pip © fr. 

For example, an amplifier using a transistor with f, = 0-5 MHz 
and typical 8 of 50 would be 3 dB down at 10 kHz if fully decoupled, 
but 3 dB down at 0-5 MHz if an emitter load of a few kilohms 
were present. This is approximate and assumes that the collector 
load does not exceed a few kilohms. Note that there is no implication 
that the gain at, say, 100 kHz falls as a result of decoupling the 
emitter; it does in fact rise but the gain at, say, 5 kHz, rises very 
much more. 


Use of fr 

In circuit equations f, and fg appear but fr rarely occurs. The 
reason for its use in manufacturers’ data is the relative ease with 
which it may be measured especially where frequencies in the 
GHz region are involved. Realistic comparisons between tran- 
sistors are readily made and highly stable test frequencies are not 
required. Since 8 is measured at a high frequency where its law is well 
defined (8 = fr/f) rather than at a 3 dB point repeatability is good. 


TRANSISTOR RATINGS 


Most transistor ratings are easily understood provided the manu- 
facturers’ definitions are clear. It is important which collector voltage 
rating is stated since its permissible value depends on whether the 
base is open circuit, the emitter open circuit or the base emitter 
junction reverse biased. The symbols used for these cases are usually 
BV coo, BV cho, ANd BV cor. 

Power ratings are often quoted in a confusing manner. The state- 
ment that a transistor can withstand 90 W at 25°C case temperature 
is, by itself, useless information since the user would have to possess 
an infinite heat sink in an ambient temperature of 25°C to hold the 
case at this temperature. A statement of permissible dissipation in 
free air (i.e. without heat sink) is more practical but is still in- 
sufficient unless the actual air temperature coincides with that 
quoted on the data sheet. 
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To arrive at practical figures the designer needs to know firstly 
that the number of watts flowing through a body of thermal con- 
ductivity 8 degC/W causes a temperature difference across the body 
of W@ degrees, and secondly that the temperature of a transistor 
junction must not exceed a certain figure Tjmaz., typically 90 to 
100°C for germanium and 150 to 200°C for silicon. 

Taking a practical example, assume that a power transistor has a 
thermal conductivity from junction to case (0c) of 1-5 degC/W and a 
Tmax. Of 90°C. This is to be bolted to a heat sink using a mica 
insulating washer of thermal conductivity 0c, (case-to-heat sink) of 
0-5 degC/W. The heat sink has a thermal conductivity 9a (heat sink 
to air) of 2 degC/W. 

In this example, three values of 0 are involved and these are simply 
added to give the combined 0 from junction to air 0jq of 1:5 + 
0-5 + 2, namely 4 degC/W. 

If the maximum air temperature in which the equipment has to 
operate is, for example, 50°C, then a drop between junction and air 
of Tymaz.) — Ta = 90 — 50 = 40 degC can be allowed. Since 0jq is 
4 degC/W, 10 W is the safe limit for transistor power dissipation. 
Conversely if 15 W has to be dissipated, a temperature drop of 
15 x 4 = 60 degC will occur and the maximum safe ambient tem- 
perature is 30°C. 

By using this thermodynamic equivalent of Ohm’s law the required 
figures can be derived even if not given explicitly in the data. 
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